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“Nothing in life is to be feared, it is only to be understood.  







Nowadays, the long-term management of radioactive waste materials is envisaged in several countries 
(Belgium, France, Sweden, etc.) through the disposal of those wastes in deep disposal facilities. Such 
installations should ensure the safety of the waste disposal and additionally minimize a possible external 
waste perturbation. Concrete or concrete-based materials are widespread in those facilities, mainly used as 
a construction material but also in some specific cases used as an inert waste matrix or even as a safety 
barrier. Among other concrete components, superplasticizers (a type of organic polymer), are by default 
included in those facilities in huge quantities.  
The hyperalkaline conditions developed in cementitious environments, can cause chemical transformations 
of polymeric materials (degradation, aging, etc.) with the subsequent production of organic compounds 
with new chemical properties. It is well recognized that, in general, organic compounds have a powerful 
capacity to form stable complexes with some radionuclides. It is thus expected that organics can play an 
important role in transporting radionuclides through the near and far field of a radioactive waste repository. 
Therefore, the understanding on the nature and strength of the interactions between radionuclides and 
organic admixtures present in the concrete formulations (and their degradation products) is of outmost 
importance. 
Overall the work presented in this thesis tries to discern whether the presence of polycarboxylic ether-based 
(PCE) superplasticizers coming from the concrete used to build-up the deep disposal repository, may have 
some impact in the mobility of radionuclides. Additionally, the stability of these materials towards 
temperature, radiolysis and hydrolysis degradation processes has been studied to ensure the integrity of 
superplasticizers in the expected repository conditions.  
As mentioned before, superplasticizers added into cement can degrade due to hydrolytic, thermal, radiolytic 
and microbial effects. This work presents a state-of-the-art of the degradation process of superplasticizers 
and a thermodynamic study on the effect of model compounds, considered as proxy superplasticizer 
degradation products, have on the mobility of several radionuclides (Ni, Eu, U). Short-chain organic 
compounds such as acetate, phthalate, oxalate, phenol, urea, etc., have been confirmed as possible 
superplasticizers degradation products. Our results indicate that the complexation capacity of the proxy 
superplasticizers degradation products considered (i.e. acetate, phthalate, phenol and urea) towards Ni Eu 
and U is almost negligible in alkaline conditions, while relatively important in the near-neutral pH range. 
In parallel, the degradation of polycarboxylate ether-based (PCE) superplasticizers (SPs) has been 
investigated in this work. Our results indicate that the studied SPs remain unaltered when exposed to 
hydrolysis processes. In the other hand, when these materials are exposed to high temperatures or radiation 
doses, important changes in the SPs structure have been observed although the main chemical groups 
remain unaltered. 
The effect of superplasticizers on nickel hydroxide solubility has been evaluated in this work. The 
experiments have been performed in the following solutions a) synthetic cement porewater and b) concrete 
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leachates including a commercial polycarboxylate superplasticizer, namely Glenium®27, as an addition, 
and avoiding the presence this superplasticizer in solution. Results presented in this work indicate that once 
the Glenium®27 is added to water and then mixed with cement, this polymeric material is stabilized 
(e.g. adsorbed into the cement phases) and not released back to the aqueous solution, with negligible effects 
on the mobility of nickel. Contrary to that, when added directly into synthetic cement porewater samples at 
dosages producing total organic carbon values of 3·10-3 mol·L-1 in solution an important effect is observed 
on nickel behaviour, increasing its solubility almost two/three orders of magnitude. Thermodynamic 
calculations indicate that the effect of such component on Ni is likely the effect that other organics 
(i.e. isosaccharinate, gluconate, oxalate) could have over this radionuclide, indicating that these organics 
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Radioactive waste materials have been generated during the last century in a considerable amount due 
to anthropogenic activities, i.e. energy production, medical uses, academic investigations. The hazard of 
those wastes to human kind is notably high because of the ionizing radiations produced by the presence of 
radionuclides in their composition. Moreover, for some specific radionuclides as 99Tc or 237Np (half-life of 
220.000 and 2 million of years, respectively), those radiations may last for millions of years. Thus, an 
efficient and safe strategy to manage these waste materials is required to ensure the safety of present and 
future generations.  
Several strategies have been discussed worldwide in the past to manage radioactive waste, being the 
most accepted the disposal of the waste in deep underground facilities located in stable geological 
environments (mainly in clay, granite or saline formations). Several countries such as Finland, Sweden or 
France, adopted this option and the construction of the facilities (Figure 1-1) are at different stages of 
development depending on the country [64]. In Belgium, the Organisme National des Déchets RaDioactifs 
et des matières Fissiles enrichies (ONDRAF, in English acronym NIRAS), which is responsible for the 
final disposal of radioactive waste materials by a mandatory law, agreed in following the same strategy and 




Figure 1-1. Different sketches from future radioactive waste disposal facilities as defined by the different national 
agencies, a) POSIVA OY from Finland (http://www.posiva.fi/), b) SKB from Sweden (http://www.skb.com/), c) 




Cementitious materials are present in important amounts in most planned designs of radioactive waste 
disposal facilities. An example of this are galleries, shafts and/or the main repository structure which will 
be mainly build with those materials. Even for some specific wastes cementitious materials are used as 
immobilization matrices [16].  
Superplasticizers are a type of organic chemical admixtures used by manufacturers to improve 
dispersion, hydration and workability properties of concrete [89]. Therefore, the presence of 
superplasticizers as a concrete component in nuclear waste disposal facilities is considered. The range of 
superplasticizer compositions is wide, although, in general those compounds are characterized by a long 
hydrophobic carbon back-bone with different hydrophilic end-members. During the last century, 
superplasticizer formulations have been continuously evolving in a search for improvement of concrete 
performance. Overall, four different superplasticizer categories (Figure 1-2) can be defined: (a) 
naphthalene-sulfonate based superplasticizers [93], (b) melamine-sulfonate based superplasticizers [4], (c) 






Figure 1-2. a) Naphthalene sulfonate SPs type structure, b) Melamine sulfonate SPs type structure, c) lignosulfonate, 
and d) polycarboxylate ether-based SPs type structure.  
(a), (b), and (c) superplasticizers type were widely used in the past century being also named as 1st and 
2nd generation superplasticizers. (d) superplasticizers type was described in the 90’s, the so called 3rd 
generation superplasticizers, being currently widely used in the cement industry. In contrast with the older 
superplasticizer generations this kind of superplasticizers improves the dispersion of cement particles by 

























Figure 1-3. a) Simplified sketch of a polycarboxylate ether-based superplasticizers, b) representation of cement particle 
and polycarboxylate ether-based superplasticizers interaction, and c) repulsion between cement particles surrounded 
by polycarboxylate ether-based superplasticizers.  
Under deep repository conditions different factors may favour superplasticizers degradation through 
thermal, irradiation or chemical (i.e. hydrolysis) processes [8]. As later explained in Chapter 3 , those 
processes may lead to the generation of small organic compounds which in turn may influence the 
behaviour of radionuclides present in the wastes, through different complexation mechanisms [8, 32, 106]. 
The current state of knowledge regarding the degradation of SPs in such systems is poor [33], although the 
understanding of this topic is crucial to assess the safety of nuclear waste disposal [106]. Therefore, the 
study of the nature of SPs degradation mechanisms as well as their degradation products deserves specific 
investigations. 
The main objective of the present work is to study the stability of cement superplasticizers under 
repository relevant conditions and to assess the effect of the presence of complexing organic materials from 
cement on radionuclide behaviour. To do so, to sub-objectives have been pursued in this thesis: 
 To gain knowledge on superplasticizer degradation products generated in deep disposal 





 To study the effect of a commercial superplasticizer on the behaviour of a selected 



















The work presented in this thesis has been divided in two blocks:  
a) the study of the degradation of cement superplasticizers under repository relevant conditions, 
and  
b) the study of the effect of cement superplasticizers onto radionuclides behaviour (e.g. Nickel).  
The approach followed to study the degradation of superplasticizers has been based in a two-step 
process. In a first step, an extensive literature review has been carried out to decipher possible 
superplasticizer degradation products and a desk study was done to analyse the effect of those products on 
selected radionuclide behaviour. Chapter 3 and Appendix II of the present document are entirely devoted 
to this topic. In a second step, based on the information gathered from the literature review, an experimental 
study has been done to analyse the degradation of a commercial polycarboxylate ether-based (PCE) 
superplasticizer (Glenium®27) and an in-house synthesized PCE superplasticizer. To this aim selected 
superplasticizers have been treated with different treatments likely to accelerate their degradation, 
i.e. hydrolysis, temperature and radiolysis. The resulting products have been analysed with several 
techniques. All the information related with this subject has been compiled in Chapter 4 of the present 
document. 
A solubility study has been performed in this work to discern the possible effect of superplasticizers 
on the behaviour of selected radionuclides (nickel). Over and under-saturation experiments with nickel 
hydroxide have been carried out in the presence of concrete leachates and concrete synthetic porewater. 
Additionally, experiments with superplasticizer spikes in solution have been performed to complement 
system understanding. The experimental details of this study as well as the results gathered from these 
experiences are presented in Chapter 5 of this thesis.  
The different raw materials, the in-house prepared samples and the analytical techniques used in this 




2.1 Cementitious materials 
Cementitious materials have been supplied by NIRAS (Figure 2-1).  
 
Figure 2-1. Raw materials as received at CTM.  
The materials and amounts are shown in Figure 2-2 and detailed below: 
 CEM I 42.5 (Manufactured by Holcim Dannes) - 25 kg 
 Limestone filler (Manufactured by Premiacal) - 25 kg 
 Sand 0/4 (particle size from 0 to 4 mm) - 25 kg 
 Aggregates 2/6 and 6/14 (particle size from 2 to 6 and from 6 to 14 mm, respectively) - 25 kg 
each 
 Glenium®27 (Manufactured by BASF) - 1 kg 
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 a)  d) 
 b)  e) 
 c)  f) 
Figure 2-2. Raw materials as received. a) Aggregates 6/14,b) aggregates 2/6, c) sand 0/4, d) filler, e) CEM I and 
f) Glenium® 27. 
Solid samples have been characterised by X-Ray Diffraction (XRD) (see Section 2.5.16 for 
experimental details) and acid digestions (HF and Aqua Regia) followed by ICP-OES (see Section 2.5.7 
for experimental details) and ICP-MS (see Section 2.5.6 for experimental details) metals analysis.  
Different techniques have been used to characterise raw Glenium®27 (Figure 2-2f): 
 pH measurement, see Section 2.5.9 for experimental details. 
 Total Organic Carbon, TOC, see Section 2.5.13 for experimental details. 
 UltraViolet Visible spectroscopy, UV-vis, see Section 2.5.15 for experimental details. 
 InfraRed spectroscopy, IR, see Section 2.5.8 for experimental details. 
 High-Pressure Liquid-Chromatography High-Resolution Mass-Spectrometry, HPLC-HRMS, 




Additionally, one part of Glenium®27 superplasticizer has been freeze-dried (see Figure 2-3) to allow 
for solid analyses. The freeze-dried sample was analysed with the following techniques:  
 InfraRed spectroscopy, IR, see Section 2.5.8 for experimental details. 
 ThermoGravimetric Analysis, TGA, see Section 2.5.14 for experimental details.  
 Nuclear Magnetic Resonance of H, H-NMR, see Section 2.5.4 for experimental details. 
 a)  b) 
Figure 2-3. Visual aspect of a) raw superplasticizer, and b) the freeze-dried superplasticizer. 
The complete set of characterisation results is detailed in Appendix I.  
2.2 Concrete samples preparation 
Concrete blocks have been prepared following the European standard UNE-EN 196-1 [2]. Briefly, raw 
materials (Table 2-1) have been mixed and left to a solidification period of 24 hours under atmospheric 
conditions (open atmosphere). Two different series have been produced one containing Glenium®27 
(G samples) and another one without Glenium®27 (WG samples). For each of the series, 9 cast of  4 kg 
per sample have been produced. After the solidification period, samples have been unmoulded and stored 
for curing in a climatic chamber for 28 days at 25ºC and 100% of humidity (Figure 2-4).   
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Table 2-1. Amounts of materials used in the sample preparation. Note that two different series were produced one 
containing Glenium®27 (G samples) and another one without Glenium®27 (WG samples). 
kg of used material 
 Sample series 1 (WG) Sample series 2 (G) 
Cement 5.3 5.3 
Filler  1.5 1.5 
Aggregate 0/4 10.6 12.7 
Aggregate 2/6 8.0 5.1 
Aggregate 6/14 8.5 8.5 
Glenium® 27 - 0.1 
Water 2.8 2.1 











Figure 2-4. Pictures from the concrete samples preparation and curation process. 
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Once the curing process was finished, samples have been hand-crushed and sieved at two different size 
fractions, between 1-4 mm and <1 mm (Figure 2-5). Contamination of the samples with metal particles 
from the crushing materials has been prevented in order to avoid unwanted experimental artefacts in the 
experiments. The samples have been characterised by using XRD and SEM-EDX (see Section 2.5 for 
details) and room stored prior to their use. Characterisation results are presented in Appendix I. 
 a)  b) 
 c) 
Figure 2-5. Pictures from the concrete samples crushing and sieving process. 
2.3 Concrete porewaters preparation 
Concrete synthetic porewater (CSPW) has been prepared according to [87]. Briefly, the necessary 
amounts of KOH (Scharlau, Extra pure), NaOH (Scharlau, Extra pure), Na2SiO3·9H2O (Sigma, 98% pure), 
Calcite (Scharlau, Extra pure) and Portlandite (Scharlau, Extra pure) have been mixed and left in orbital 
agitation for 3 weeks. After that time, the solution has been filtered through 0.22m Nylon filters suitable 
for use in alkaline conditions. Finally, Na2SO4 (Scharlau, reagent grade) and Al2(SO4)3·10H2O (Scharlau, 
Extra pure) have been added to the solution. All handling during CSPW preparation has been done in glove 
box conditions (Jacomex, GP[Concept]-II-S) to avoid CO2(g) presence.  
Concrete leachates with and without Glenium®27 (G and WG leachates) have been obtained after 
i) drying samples at 60ºC during one hour in the oven, ii) placing samples in a desiccator for 24 hours, and, 
finally iii) contacting the hand-crushed concrete (1-4 mm and <1 mm fractions) with MilliQ water for 
30 days (Figure 2-6) at a fixed solid/liquid ratio of 10 g·L-1 according to the granular material leaching 





Figure 2-6. Crushed concrete samples contacted with MilliQ water in continuous agitation. 
All prepared waters (Table 5-2), CSPW and real leachates generated in this work, have been 
characterised in terms of pH, cations (ICP-OES and ICP-MS), anions (IC), Total Inorganic Carbon (TIC) 
and Total Organic Carbon (TOC). For additional experimental details related with the measurements the 
reader is refereed to Section 2.4. Concrete and leachates compositions detailed in Table 2-2 were in the 
range of values reported in the literature for similar systems [23]. Ni concentrations in all prepared initial 
waters were below the limit of detection. As shown in Table 2-2, no differences in leachate compositions 
have been observed as a function of the samples grinding size and thus the effect of this parameter in the 
studied conditions will not be further discussed. 
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Table 2-2. CSPW and real concrete leachates compositions obtained in this work. Note that CSPW, WG and G stand 
for Concrete Synthetic PoreWater, concrete leachates without Glenium®27 and concrete leachates with Glenium®27 
respectively. For each of the leachates two different compositions have been reported as a function of the grinding size 
(<1 mm and 1-4 mm). 
 CSPW WG <1 mm WG 1-4 mm G <1 mm G 1-4 mm 
pH 13.3 12.4 12.4 12.5 12.4 
 mol·L-1 
TIC <LOD* 1.7·10-5 3.2·10-5 1.7·10-5 2.3·10-5 
TOC - 5.2·10-5 4.7·10-5 1.2·10-4 1.2·10-4 
Na 1.2·10-1 1.2·10-4 1.0·10-4 1.2·10-4 9.4·10-5 
K 8.2·10-2 4.6·10-4 4.2·10-4 4.3·10-4 3.7·10-4 
Ca 1.4·10-3 7.5·10-3 6.6·10-3 6.1·10-3 7.7·10-3 
SO4 1.8·10-3 5.9·10-6 7.7·10-6 8.2·10-6 8.3·10-6 
Fe <LOD <LOD <LOD <LOD <LOD 
Al 7.7·10-6 <LOD 4.8·10-6 <LOD 4.8·10-6 
Cl - 2.1·10-4 2.3·10-4 1.7·10-4 1.5·10-4 
Si 6.2·10-6 <LOD <LOD <LOD <LOD 
Ni <LOD <LOD <LOD <LOD <LOD 
* <LOD. Below limit of detection 
2.4 Synthesis of a reference PCE superplasticizer 
A PCE reference superplasticizer (Figure 2-7) has been prepared following the recipe in [76]. Briefly, 
the necessary quantities of Poly(ethylene glycol) methyl ether methacrylate (PEGMA) (Sigma-Aldrich, 
average Mn 360), sodium methacrylate (Sigma-Aldrich, 99%), methallyl sulfonic acid (MASA) (Sigma-
Aldrich 98%) and sodium persulfate (Sigma-Aldrich, Bioxtra >98%) have been placed in a spherical round 






Figure 2-7. Synthesis reaction followed in this work for the reference PCE. 
Once the reaction is completed, the superplasticizer has been purified through a three-step dialysis 
process. First, the sample has been introduced in a Slide-A-Lyzer™ Dialysis Flask (Thermo Scientific). 
The flask has been sealed and immersed in a MilliQ water solution (buffer solution) for three hours with 
continuous stirring (Figure 2-9). After that time, the buffer has been renewed and the flask again immersed 
in the buffer solution for three hours. Three hours later the buffer has been renewed again and the flask 
containing the synthesized superplasticizer has been left in this solution overnight. Finally, the purified 
superplasticizer has been collected from the flaks with a syringe and preserved in the glovebox until being 
freeze-dried. The final product has been characterised by using H-MNR (see Section 2.5.4 for experimental 
details) and IR (see Section 2.5.8 for experimental details) spectroscopies; results are presented in Appendix 
I. 
 




Figure 2-8. Detail of the PCE synthesis, heating process up to 80oC. 
 
Figure 2-9. Detail of the PCE purification, dialysis process. 
2.5 Analytical techniques 
2.5.1 AAS 
Atomic Absorption Spectroscopy (AAS) (model AA-6200 manufactured by Shimadzu) has been 
performed by diluting samples in 1M HCl solutions (Scharlau Extrapure) with 10% lanthanum addition 
(La2O3, Scharlau Extrapure, in 1M HCl solution) as interference suppressor. This technique has been used 





Gel permeation chromatography (GPC) (Agilent Infinity 1260) has been performed by dissolving 
samples in a phosphate buffer (pH = 7.4). Sample concentration was 2 mg·mL-1 and the injection loop was 
charged with 100 µL of solution each time. The mobile phase was a phosphate buffer (0.05 mol·L-1, pH = 
7.4) with a 0.8 mL·min-1 flux. The chromatographic column was a Aquagel manufactured by Polymer 
Laboratories. A UV and a refraction detector have been used. Equipment calibration has been done with 
poly(ethylene oxide) samples. 
2.5.3 H-NMR 
Proton-Nuclear Magnetic Resonance (NMR) has been done with a AMX 300 Fourier Transform 
equipment manufactured by Bruker working at 300 MHz. Samples have been dissolved in deuterated water 
(D2O) at a 20 mg·mL-1 ratio and placed in the corresponding vials. Around 128 pulses have been acquired 
for each sample. This technique has been employed to characterise the superplasticizers studied in this 
work.  
2.5.4 HPLC-HRMS 
High-Pressure Liquid-Chromatography High-Resolution Mass-Spectrometry (HPLC-HRMS) has 
been performed with a LQT Orbitap Velos manufactured by Thermofisher Scientific. A Luna C18, 
5 microns, 150x2mm chromatographic column has been used under variable mobile phase gradient using 
two mobile phases (A: H2O, 0.1% formic acid; B: MeCN, 0.1% formic acid). The flux has been fixed at 
0.3 mL·min-1 and the injection loop has been charged with 10 µL of solution each time. Mass spectrometry 
ionization has been done with an electrospray (ESI) in both positive and negative polarity. This technique 
has been employed to characterise the raw Glenium®27 in aqueous solution. 
2.5.5 IC 
Ionic Chromatography (IC) (ICS-2000 system, manufactured by Dionex) has been performed by 
diluting samples in MilliQ water. This technique has been employed to determine and monitor the 
concentration of Sodium, Potassium, Sulphate and Chloride in aqueous solution.  
2.5.6 ICP-MS 
Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) (model 7500cx, manufactured by Agilent 
Technologies Inc.) has been done by diluting samples in 2% HNO3 solutions (ppb-trace analysis grade, 
Scharlau). Through ICP-MS Ni and other cations concentration in solution has been analysed.  
2.5.7 ICP-OES 
Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) (model iCap 6000 series, 
manufactured by Thermo Scientific) has been done by diluting samples in 2% HNO3 solutions (ppb-trace 
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analysis grade, Scharlau). Through ICP-OES metal and semi-metal concentrations in solution have been 
analysed. 
2.5.8 IR 
InfraRed (IR) spectroscopy has been carried out with two different equipments: 
 Spectrum BX manufactured by Perkin Elmer. Spectra have been acquired in attenuated 
reflectance mode (ATR) by using a ZnSe holder. 
 Jasco FTIR 4100. Spectra have been acquired in attenuated reflectance mode (ATR) by using 
a MKII Gloden manufactured by Specac. 
This technique has been used to characterise main functional groups within Glenium®27. 
2.5.9 pH 
The pH-meter employed was a Crison model GLP 22 with 52-22 electrode, the system has an associate 
error of ≤0.1. The equipment has been calibrated with buffer solutions at pH 11 (Scharlab, Boric 
acid/Sodium hydroxide/Potassium chloride), 12 (Scharlab, di-Sodium hydrogen phosphate/Sodium 
hydroxide) and 13 (Scharlab, Potassium chloride/Sodium hydroxide). The pH has been analysed in all 
solubility and degradation experiments as well as in some raw materials (i.e. Gelenium®27). 
2.5.10 SEM-SEI / EDX / BSE 
Scanning Electron Microscopy (SEM) has been used to obtain topographic images (SEI) of samples 
surface as well as different chemical composition displayed on a specific surface (EDX). This technique 
offers rather information of the materials micro-texture and composition. The analysis of samples has been 
performed using a Field Emission Scanning Electron Microscope (FE-SEM - ZEISS Ultraplus) which has 
an EDX (Energy Dispersive X-ray Spectroscopy) analyser for semi-quantitative chemical composition 
analysis (X-Max EDX detector, from OXFORD Instruments). Images have been taken using different 
electron detectors: (a) SE2, secondary electrons detector which provides topographic images and (b) In-
Lens, High resolution, detector for SE1 electron detection in HV mode (90º Vertical). Surface of the dried 
samples has been metalized with a thin layer of Au/Pd.  
2.5.11 Raman 
Raman spectroscopy has been done by using a i-Raman®Plus model manufactured by BWTEK. Two 
different methodologies have been used depending on the sample state. Solid samples have been located 
on a Raman microscope (BAC151B, BWTEK) for analysis while liquid samples measurements have been 
done by using a Raman Cuvette holder (BCR100A, BWTEK). Raman spectra have been acquired in approx. 






A model Multi N/C 3100 manufactured by Analytik Jena has been employed to determine the Total 
Inorganic Carbon (TIC) in the studied solutions. Samples and standards have been diluted in MilliQ water.  
2.5.13 TOC 
Total Organic Carbon (TOC) in the studied solutions has been analysed by using a Shimadzu 5050 
equipment. Samples and standards have been diluted in MilliQ water.  
2.5.14 TGA / DSC 
Sample weight change has been measured with a simultaneous TGA/DSC thermal analyser model 
StrareE manufactured by Mettler Toledo. The working temperature lapse comprised 30 to 1000 ºC with a 
heating rate of 10 ºC·min-1. Approximate 10 mg of samples have been placed into ceramic holder for its 
analysis. With this technique, besides the water content of the samples, the different compositional trends 
have been analysed. 
2.5.15 UV-Vis 
UltraViolet Visible (UV-Vis) spectroscopy has been done with a model UV-2450 manufactured by 
Shimadzu. Samples have been located in appropriate quartz holders and if necessary diluted with MilliQ 
water. This technique has been used to characterise main functional groups within Glenium®27. 
2.5.16 XRD 
Samples crystalline and semi-crystalline phase composition has been determined in an X-Ray 
diffractometer (PANalytical X’Pert PRO MPD Alpha1) with an X-Ray generator formed by a Copper anode 
and a Wolfram cathode which worked at 40-45 kV and 40 mA. PIXcel and X’Celerator detectors have been 
used for the different samples using monochromator in continuous scanning within a 2-theta range from 4 




















Chapter 3: THE POTENTIAL ROLE 
OF SUPERPLASTICIZERS AND 








“The work presented in this Chapter has been submitted for publication in Applied Geochemistry, 
16th International Conference on the Chemistry and Migration Behaviour of Actinides and Fission 





3 The potential role of superplasticizers and their degradation 
products on radionuclide mobilization 
3.1 Superplasticizers in nuclear waste disposal environments 
As already presented in the introductory chapter on this thesis, in nuclear waste disposal facilities 
concrete is used as a construction material (construction and stabilisation of galleries and tunnels shotcrete), 
as a confinement matrix to immobilize some type of wastes but also as a safety barrier to reduce the potential 
mobility of radionuclides in the eventual scenario of radionuclide release [12]. Superplasticizers, see 
Chapter 1 for a detailed explanation on the definition and the chemistry of those components, are an 
important concrete component. 
Little information is available regarding the degradation of SPs in cementitious systems [33], although 
the interest on this topic has recently increased [106]. It is well recognized that hyperalkaline conditions 
developed in cementitious environments can cause chemical transformations of organic substances, i.e. 
polymeric SPs, (degradation, aging, etc.) with the subsequent production of small organic compounds with 
new chemical properties [38, 39, 109].  
The role of SPs degradation processes and their corresponding degradation products on radionuclide 
mobility through the near and far field of a radioactive waste repository is therefore a matter of concern for 
performance assessment of radioactive waste repositories. The work presented in this chapter aims at 
investigating to which extent the degradation products of SPs may affect radionuclide behaviour in concrete 
environments. 
3.2 Superplasticizers degradation: Literature survey 
In this section, a literature research focused on SPs hydrolytic, thermal, radiological and microbial 
degradation is provided. Overall there is an important lack of SPs degradation studies. To complement the 
literature research, studies focused on main organic SPs groups’ (i.e. naphthalene, melamine, etc.) 
degradation have been also reviewed.  
To the best of our knowledge studies dealing with the degradation of PCE SPs are not available yet. 
Therefore, specific degradation products from PCE SPs degradation have not been found. 
3.2.1 Hydrolytic degradation 
Cementitious environments promote highly alkaline systems due to the dissolution-precipitation 
processes occurring within a cementitious matrix in contact with water. Overall, four pH ranges may be 
defined depending on the cement degradation state: (i) fresh or degradation state I, characterised by a high 
alkaline pH range (> 13) produced by the dissolution of Na and K alkalis, (ii) degradation state II, in where 
portlandite (Ca(OH)2) dissolution controls the evolution of the system, buffering the pH around values of 




system from pH 12.3 to 10.5 as a function of the Ca/Si ratio within the C-S-H gel, and, finally (iv) 
degradation state IV, where the formation of calcite within the cement matrix buffers the system pH at 
values < 10 [89]. For the current research, only those studies at pH > 10.5 have been considered in order to 
magnify SPs hydrolysis.  
Yilmaz and co-workers [109] studied the degradation of Sulfonated Naphthalene Formaldehyde (SNF) 
and Sulfonated Melamine Formaldehyde (SMF) SPs. According to their results, SNF SPs were not altered 
in alkaline solutions (1 mol·L-1 KOH) while solid precipitation was observed in SMF solutions at similar 
pH values. Analysis of the precipitated product confirmed the alteration of the original SMF chemistry. 
However, the chemical characterisation of the precipitated solid was not entirely clear and thus the authors 
did not report conclusive SPs degradation pathways.  
Naphthalene degradation was studied by Lair and co-workers [56]. The authors investigated different 
parameters affecting naphthalene degradation, among others the system pH (from 2 to 12). From their 
results Lair and co-workers [56] concluded that an increase of the system pH increased the degradation rate 
of naphthalene. A possible explanation for this phenomenon reported by the authors is that the increase of 
OH- ions in solution increase the presence of OH• radicals favouring naphthalene degradation. Intermediate 
degradation products were determined by GC-MS (Gas Chromatography – Mass Spectrometry) analyses; 
dozens of compounds were identified being 2-formylcinnamaldehyde and 1-naphtalenol the most abundant 
(see Appendix II). 
Melamine Formaldehyde-Acrylic coatings degradation were studied by English et al. [28] with 
different analytical techniques (13C NMR, IR). Under standard weathering conditions, only accounting for 
hydrolysis at atmospheric conditions, the degradation reaction reported by the authors was r. 1. This 
reaction involved the substitution of the terminal methyl by water releasing formaldehyde. No 
modifications of the melamine back-bone were found by the authors. Later Gerlock et al. [35], confirmed 
the same degradation pathway by using photo-enhanced hydrolysis. 
Melamine-CH2OCH3 + H2O  Melamine-CH2OH + CH3OH r. 1 
3.2.2 Thermal degradation 
Temperature elevations (around 100ºC) in the surroundings of a high-level waste repository are 
expected due to the presence of the exothermic wastes [15, 36]. In order to minimize the effect of 
temperature on the repository performance, in the current facilities waste management organizations 
designed repositories to ensure a temperature below 100ºC in the internal package surfaces and below 90ºC 
in the host rock [9]. Thermal organic polymer degradation mostly occurs at temperatures above 100ºC [47] 
and thus for a better temperature degradation analysis in the following survey studies at higher temperatures 
(>100ºC) have been also included.  
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Lair and co-workers [56], studied the effect of temperature (from 10 to 40ºC) on naphthalene 
degradation. They could not draw clear conclusions on the temperature effect, as volatilization of 
naphthalene could affect the results. Nevertheless, in agreement with what was mentioned in Section 2.1, 
the authors identified 2-formylcinnamaldehyde and 1-naphtalenol as the most abundant intermediates 
during naphthalene degradation (see Appendix II). 
Onwudili and Williams [66], investigated the reaction mechanisms of phenanthrene and naphthalene 
hydrothermal degradation from 350 to 380ºC. The authors used sealed reactors reaching highly pressurized 
systems (170-225 bar). Weak naphthalene decomposition was reported to occur after 1 h at 380ºC, as 90% 
of naphthalene remained in solution. The presence of a large excess of oxidant in solution favours 
naphthalene degradation under those temperature conditions. Naphthalene decomposition products were 
determined by GC-MS. The reaction path mechanism shown in Figure 3-1 was proposed for the oxidative 





Figure 3-1. Naphthalene degradation reaction mechanism proposed by [66] under hydrothermal conditions.  
Brebu and Vasile [22], published a literature survey on lignin thermal degradation products. Those 
authors reported lignin degradation to start between 200 and 275ºC, the main process occurring around 
400ºC, yielding a variety of organic compounds (i.e. aromatic hydrocarbons, phenolics, hydroxyphenolics 
and guaiacyl/syringil-type compounds). Pyrolysis up to 340ºC of three different lignin-based compounds 
(lignosulfonate among others) was done by Brebu and co-workers [21]. Degradation products were 
characterised by thermogravimetric and chromatographic analysis. The authors reported the formation of 
ammonia and sulphur dioxide around 250ºC (see Appendix II) followed by derivatives of the structural 
compounds in lignin (i.e. phenols derivatives as pyrocatechol). 
Deamination followed by condensation was reported by Costa and Camino [26] in their melamine 
thermal study. According to their thermogravimetric results, the authors suggests the formation of ammonia 
in a temperature range between 350-400ºC. Analysis of the residual product by IR showed the presence of 
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unreacted solid, melamine, and the formation of a water-insoluble product coming from melamine 
condensation. The identification of this water-insoluble product was not clearly defined in the study 
although the authors claimed the formation of “melem”, an organic molecule formed by different 
cyameluric rings [31, 94].  
3.2.3 Radiolytic or radiolytic induced degradation 
Ionizing radiation released by nuclear waste may lead to the alteration of the different elements present 
in storage conditions (i.e. water radiolysis and subsequent generation of OH•). 
Palmer and Fairhall [70], examined the production of gas due to the irradiation of small OPC cylinders 
and blast furnace slag grouts containing sulfonated naphthalenes formaldehyde condensates (Na-SNFC) 
and sulfonated melamine formaldehyde condensate (SMFC) SPs. The radiation field was 104 Gy·hr-1 and 
total dose applied over the samples was up to 9 MGy. The results showed that both CO2 (g) and H2 (g) were 
generated by irradiation (up to 6.7 mL gas·g-1 superplasticizer). The authors commented that the radiation 
did not appear to affect the strength or stability of the grout. 
Naphthalene degradation was accounted for by Kanodia and co-workers [53] by means of radiolitically 
produced OH• radicals. An oxidative process was then favoured yielding the conversion of naphthalene to 
naphthalenol. The same degradation product was found by Balakrishnan and Reddy [11] in aqueous  
irradiated solutions containing naphthalene at high temperatures (see Appendix II).  
3.2.4 Microbial degradation 
Microbiology within nuclear waste disposal has been a matter of important studies during the last five 
decades. Biogeochemical effects on the chemistry and the long-term evolution of repository materials as 
well as on the transport of radionuclides have been extensively studied [60, 74, 105]. Among other 
processes mediated by microbes, biodegradation of bituminized waste forms [104] yielding small organic 
compounds, is a case comparable to the one studied here, involving SPs biodegradation.   
Haveman and co-workers [46], studied Disal (a naphthalene based SPs) degradation in the presence of 
Pseudonomas bacteria. The authors reported an increase of bacteria population in anaerobic conditions and 
in the presence of nitrate as electron acceptor. The degradation of naphthalene under denitrifying conditions 
or coupled to sulphate reduction have been reported by others [14, 61, 62, 81, 86]. In all those studies [14, 
61, 62, 81, 86] naphthalene mineralization is observed but some authors [14] also reported naphthalenol as 
an intermediate product during naphthalene degradation (see Appendix II). Ruckstuhl and co-workers [83], 
studied the leaching and biodegradation of SN and SNFC from concrete materials used in tunnel 
constructions. Those authors reported that in-situ biodegradation, mediated by the microorganism presents 
in the studied samples, was the most effective mechanism to remove SNFC components from groundwater. 
Total depletion of mono-sulfonated monomers was quickly observed while the di-sulphonated analogues 
were proven to be persistent. Unfortunately, information about possible degradation products was not 




Pseudomonas sp. HOB1 bacterium was used by Pathak and co-authors [73] in their naphthalene 
degradation studies. The authors reported total naphthalene mineralization indicating that temperatures 
about 35-37ºC and alkaline pH favoured naphthalene degradation. No intermediate products were detected 
by those authors.  
The metabolism of melamine degradation by Klebsiella terragena was studied in detail by Shelton et 
al. [85]. The authors reported a deamination pathway (Figure 3-2) of the triazine ring through hydrolytic 
reactions mediated by the studied bacteria yielding the following degradation products: ammeline, 
ammelide, cyanuric acid, biuret and urea (see Appendix II). Early in the 80’s, Jutzi et al [52] proposed a 
similar degradative pathway using Pseudonomas sp. Strain A.2 bacteria.  
 
Figure 3-2. Melamine degradation reaction mechanism proposed by [85] under microbial mediated conditions.  
The degradation of lignin through the fungus Formes annosus was studied in the 80’s by Haars and 
Hüttermann [45]. Although not much detail is provided in that work phenolic derivatives were detected by 
the authors in the presence of the so-called fungus. Early in the 70’s, Watkins [103] reported that 
lignosulfonates were more resistant than lignin to microbial decomposition due to a) the sulphonation of 
side chains of aromatic monomers, and b) the hydrolysis of the ether linkages and the formation of new 
carbon-carbon bonds between aromatic rings.  
The list of possible superplasticizer degradation products detailed in Appendix II could be divided in 
three categories: i) aromatic compounds, ii) aliphatic compounds, and iii) inorganic species. The first (i) 
and the second (ii) categories include degradation products derived from naphthalene and melamine based 
SPs, while in the third (iii) category species derived from lignosulfonate and/or melamine based SPs 
degradation are included. Overall, aromatic compounds are more reactive than aliphatic species. However, 
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the presence of carboxylic terminations in the aliphatic compounds included in Appendix II may increase 
the reactivity of those species, producing thus quite reactive aliphatic degradation products.  
Although no specific degradation studies on PCE SPs have been found in the literature, aliphatic 
organic compounds previously specified can be taken as a proxy for PCE SPs degradation products.  
3.3 Discussion 
In the previous Section 3.2 an extensive list of possible SPs degradation products has been compiled 
based on independent literature reported data (see Appendix II). Four degradation products have been 
selected to further study their possible effect on radionuclides aqueous chemistry, including both aromatic 
and aliphatic organic compounds, representative of possible PCE SPs degradation: 
 Phthalic and acetic acids, formed during naphthalene (proxy for SNF structure) hydrothermal 
degradation. It is well recognized that both acids have a powerful capacity to interact with a variety 
of radionuclides [17, 65, 71, 80, 96, 108]. Given that those species are generated through a thermal 
process, the formation of those species is expected to occur during the temperature transient period 
(~100 years) under repository conditions. 
 Phenol, formed during the biodegradation of both lignin and naphthalene (proxy for SMF and SNF 
structures, respectively). In general little is known about phenol interaction with radionuclides 
although some authors reported strong affinity towards actinides [13, 69, 84]. The formation of this 
species in deep repository conditions through SPs polymers degradation is expected to occur only 
through microbial-mediated mechanisms. In deep repository conditions microbes will be first fed 
by small organics, already present in the system from other sources, and later by big polymers like 
SPs. Thus, phenol formed due to lignin or naphthalene biodegradation is expected to appear in the 
repository in a long-time scale. 
 Urea, formed during melamine (proxy for a SMF structure) biodegradation. The interaction 
between lanthanides and urea has recently been a matter of concern and some authors reported 
relatively weak affinities among them [48, 68]. Like phenol, urea generated due to melamine 
biodegradation is expected to appear in the repository in the long-term. 
Ni (II), Eu(III) and U(VI) have been selected as radionuclides of interest for this exercise. Nickel is a 
constituent of repository construction materials (i.e. stainless steel) and its corresponding activation 
products are expected to be encountered in the deep disposal conditions studied in this work. Eu(III), as 
representative of the trivalent lanthanides, constitute the major fraction of the minor lanthanides/actinides 
present in the high-level liquid waste generated during the reprocessing of spent nuclear fuel and thus the 
understanding of its chemical interactions with organics is of utmost importance to ensure the repository 





In order to study the possible effect of those organics on radionuclides chemistry, it is of the outmost 
importance to have a consistent and reliable set of thermodynamic data. Thus, before performing specific 
thermodynamic calculations a data selection has been done and is presented in the following section.  
3.3.1 Thermodynamic data selection 
3.3.1.1 Phthalic and acetic acid 
ThermoChimie database [37] provides trustworthy data on the stability of the species formed between 
radionuclides and those organics. The database is available at https://www.thermochimie-tdb.com/. 
ThermoChimie database was created by the French National Waste Management agency (ANDRA) to 
address geochemical modelling and performance assessment tasks; being the included thermodynamic data 
self-consistent and reliable.   
Thermodynamic data for Ni, Eu and U complexation with both organics, acetate (C2H3O2-) and 
phthalate (C8H4O42-), included in ThermoChimie and considered in this work are listed in Table 3-1.  
3.3.1.2 Phenol 
There is a general lack of data for the complexation of phenol with rare earth elements [58]. The only 
data on the complexation of uranyl (VI) ion with phenol come from the potentiometric titrations of Bartušek 
and Sommer [13]. The authors suggested the formation of 1:1 metal-ligand complex in acidic conditions 
(pH< 3), which is easily hydrolysed to polynuclear species at pH 4-5. The Log K value calculated by the 
authors according to r. 2 is -3.56 ± 0.1 (I = 0.1 mol·L-1 NaClO4), and is the one selected in this work (Table 
3-1). 
UO22+ + C6H5OH ↔ UO2(C6H5O)+ + H+ 
r. 2 
To the best of our knowledge, thermodynamic data for the complexation of phenol with Ni and Eu are 
not available in the open literature. 
3.3.1.3 Urea 
As in the case of phenol, little is known about the complexation of urea with Ni, Eu and U. Osman and 
co-workers [67, 68], studied the complexation of urea and uric acid with uranium in acid conditions 
(pH< 4), and proposed the formation of a 1:1 week complex (UO2(H4N2CO)2+). The authors reported a 
stability constant of 2.12 ± 0.18 (I = 0.1 mol·L-1 NaClO4) according to r. 3. 
UO22+ + H4N2CO ↔ UO2(H4N2CO)2+  r. 3 
Similarly, Heller and co-workers [48], studied the complexation of trivalent Eu and Cm with urea in 
aqueous solution. The authors reported stability constants for two Eu – urea weak complexes (r. 4 and r. 5), 
Eu(H4N2CO)3+ and Eu(OH)(H4N2CO)2+, -0.12 ± 0.05 and -6.86 ± 0.15 (I = 0.1 mol·L-1 NaClO4) 
respectively.  




Eu3+ + H4N2CO ↔ Eu(H4N2CO)3+  r. 4 
Eu3+ + H4N2CO + H2O ↔ Eu(OH)(H4N2CO)2+ + H+ 
r. 5 
To the best of our knowledge, thermodynamic data for the complexation of urea with Ni are not 
available in the open literature. Selected data for the studied urea – radionuclide systems is detailed in Table 
3-1.  
Table 3-1. Relevant thermodynamic data used in this work. 
Reaction Log K0 Reference 
Ni2+ + C2H3O2- ↔ Ni(C2H3O2)+  1.34 ± 0.11 
ThermoChimie database 
[37] 
Eu3+ + C2H3O2- ↔ Eu(C2H3O2)2+  2.90 ± 0.50 
Eu3+ + 2C2H3O2- ↔ Eu(C2H3O2)2+  4.80 ± 0.20 
Eu3+ + 3C2H3O2- ↔ Eu(C2H3O2)3(aq)  5.60 ± 0.20 
Ni2+ + C8H4O42- ↔ Ni(C8H4O4)(aq) 3.00 ± 1.00 
Eu3+ + C8H4O42- ↔ Eu(C8H4O4)+ 4.96 ± 0.30 
Eu3+ + 2C8H4O42- ↔ Eu(C8H4O4)2- 7.34 ± 0.50 
UO22+ + C6H5OH ↔ UO2(C6H5O)+ + H+ -3.77* ± 0.10 [13] 
UO22+ + H4N2CO ↔ UO2(H4N2CO)2+  2.12* ± 0.18 [68] 
Eu3+ + H4N2CO ↔ Eu(H4N2CO)3+  -0.12* ± 0.05 
[48] 
Eu3+ + H4N2CO + H2O ↔ Eu(OH)(H4N2CO)2+ + H+ -7.28* ± 0.15 
*Values corrected to I=0 using Davies ionic strength corrections. 
3.4 Thermodynamic calculations 
Calculations presented in this section have been done with the PhreeqC geochemical code [72]. As 
mentioned in the previous section, thermodynamic data used in the calculations have been taken from 
ThermoChimie database and from other literature sources if not available in ThermoChimie. All 
calculations were performed at 25ºC and ionic strength corrections have been applied by using the Davies 
approach [42]. In agreement with the solid phase selection in Albrecht et al. [5], the effect of the organic 





Solubility diagrams obtained in the presence of acetate as a function of pH are shown in Figure 3-3, 
Figure 3-4 and Figure 3-5. The underlying chemical speciation of each element is shown in the same figures. 
According to these results, organic ligand concentrations higher than 10-4 mol·L-1 are required to see some 
effects on Ni and Eu chemistry (Figure 3-3 and Figure 3-4). For both elements, acetate complexation only 
occurs from pH 8 to 9.5, increasing 25% the solubility of both Ni(OH)2(s) and Eu(OH)3(s). In alkaline pH 
conditions, the hydrolysis of Ni and Eu is strong enough to avoid the binding with acetate up to organic 
concentrations of 10-2 mol·L-1. Increasing the acetate concentration up to 10-2 mol·L-1 does not affect the 
aqueous chemistry of U in the whole studied pH range (8 – 13) (Figure 3-5). Unrealistic acetate 
concentrations as high as 10-0.3 mol·L-1 (see Appendix II), are needed to observe an important effect on U 
behaviour in near neutral pH conditions. The same is true for phthalate (see Figure 3-5 and Appendix II). 
As with acetate, phthalate affects Ni and Eu chemistry only at concentrations over 10-2 mol·L-1 (Figure 3-3 
and Figure 3-4). Phthalate complexation with Ni and Eu is relatively stronger than acetate complexation, 
prevailing up to pH ~ 10. This is notorious in near neutral pH conditions, where the solubility of both 
Ni(OH)2(s) and Eu(OH)3(s) increase more than one order of magnitude when increasing phthalate aqueous 
concentration from 10-2 mol·L-1 to 10-4 mol·L-1. Overall, the effect of acetate and phthalate on the chemistry 
of Ni, Eu and U will be negligible in the alkaline pH region but certainly important in near-neutral 
conditions (i.e. clay barriers or clay host-rock present in some repository designs) (see Appendix II). It is 
worth mentioning that in clay conditions the effect of carbonate, a major system species, will partially 
hinder the effect of acetate and phthalate on radionuclides behaviour.  






Figure 3-3. Solubility curve (black solid line) calculated for Ni(OH)2(s) in the presence of acetate (a – b) and phthalate 
(c – d) as a function of pH. Dashed lines stand for the speciation of Ni in equilibrium with the solid phase. Organic 
concentration fixed as 10-2 mol·L-1 (a – c) and 10-4 mol·L-1 (b – d). Calcium concentration fixed in all diagrams as 









Figure 3-4. Solubility curve (black solid lines) calculated for Eu(OH)3(s) in the presence of acetate (a – b), phthalate 
(c – d) and urea (e) as a function of pH. Dashed lines stand for the speciation of Eu in equilibrium with the solid phase. 
Organic concentration fixed as 10-2 mol·L-1 (a – c) and 10-4 mol·L-1 (b – d). Calcium concentration fixed in all diagrams 
as 10-3 mol·L-1. Note that for the urea scenario, Eu calculated solubility-speciation (e) is identical at 10-2 / 10-4 mol·L-1. 
In the studied pH conditions, from near neutral to alkaline pH, the effect of phenol over U is negligible 
(Figure 3-5). Contrary to the trends observed for acetate and phthalate, extremely high phenol 
concentrations (>10-0.3 M) do not produce any influence on its chemistry (see Appendix II). This is not 
surprising given that thermodynamic data for phenol complexation with uranium selected in this work was 
obtained in acidic conditions. Similarly, our results indicate that complexation of Eu and U with urea is 
negligible in alkaline pH conditions (Figure 3-4, Figure 3-5 and Appendix II). 
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Figure 3-5. Solubility curve (black solid line) calculated for CaU2O7·3H2O(s) in the presence of acetate, phthalate and 
urea at 10-2 / 10-4 mol·L-1 as a function of pH. Dashed lines stand for the speciation of the different elements in 
equilibrium with the solid phase. Calcium concentration fixed in all diagrams as 10-3 mol·L-1. 
Based on the presented results, among the studied SPs degradation products, the most powerful 
complexing agent is phthalate, which exerts an important influence over Ni and Eu behaviour in slightly 
alkaline conditions (pH < 10). Overall, the complexation capacity shown by the different degradation 
products studied in this work could be ranked from the stronger to the weaker complexing agent as follows: 
phthalate > acetate > urea > phenol. As mentioned before the strongest complexing ligands, phthalate and 
acetate, are expected to form in deep repository conditions during the temperature transient period 
(~100 years); while the weakest ligands are expected to form at long-term. These findings clearly point out 
the importance of phthalate / acetate radionuclide complexation in repository conditions.  
Is worth mentioning that U seems to be unaffected by any of the studied ligands in the conditions 
studied in this work. However, as previously highlighted, there is a general lack of data for the complexation 
of some of the studied organic ligands with radionuclides, specially at alkaline pH conditions. Thus, 
additional experiments are required to confirm the validity of the statements reflected here.  
3.5 Conclusions 
Superplasticizers present in concrete formulations may be altered in deep disposal conditions through 
several mechanisms: hydrolysis, temperature, ionizing radiation and microbial activity. Overall, few studies 
are available in the literature dealing with the alteration of superplasticizers; and specifically, there is an 
important lack of results for the degradation of PCE SPs. 
Based on the literature review presented in this work, we can conclude that the alteration of 
superplasticizers may lead to the formation of small organic compounds that could be classified in three 
main categories: i) aromatic compounds, ii) aliphatic compounds, and iii) inorganic species. From those 
categories, four possible degradation products (representatives of different SPs types) have been selected 
(phthalic acid, adipic acid, phenol and urea) and their effect on radionuclide (Ni, Eu and U) behaviour has 
been addressed. Our calculations indicate that in alkaline pH conditions, the presence of these organic 




However, in slightly alkaline systems (from pH 8 to 10), phthalic and acetic acids (up to concentrations of 
10-2 M) could control the aqueous chemistry of both Ni and Eu. This chemical control produces an increase 
on Ni and Eu solubility, especially relevant in systems containing phthalic acid. Interestingly, U is not 
affected by any of the studied ligands in the conditions used in the present study. Nevertheless, this 
statement may be taken with caution given the scarcity of thermodynamic data found in the literature for 
the complexation of U with some of the studied organics in alkaline conditions. 
For a better system comprehension, and to clearly ensure the safety of the radioactive waste disposal, 
additional superplasticizer degradation studies are required, especially for PCE SPs type. Moreover, 
specific radionuclide-organic complexation studies in alkaline pH conditions are desired to complement 



























4 Degradation of polycarboxylic ether-based cement 
superplasticizers 
This chapter is dedicated to the experimental study of superplasticizers degradation. Given the lack of 
information on superplasticizer degradation processes highlighted in Chapter 3, the study detailed here 
aims to fill in this gap as well as to serve as a basis for future degradation studies. 
4.1 Background of the study 
As introduced in Chapter 3 and Chapter 5, concrete admixtures are materials added to concrete to alter 
its properties in its fresh and hardened states. Superplasticizers (SPs) are a type of organic admixtures used 
by manufacturers to improve concrete properties such as dispersion, hydration and workability [89]. For a 
detailed explanation of SPs properties and characteristics the reader is refereed to Chapter 1.  
In previous Chapters (1, 3, 5) it has been already explained how those materials may be altered at the 
alkaline conditions prevailing under repository environments. However, as highlighted in Chapter 3 not 
just hydrolysis but temperature and radiation may induce important structural and chemical modifications 
over those compounds. The study presented below aims at investigating the degradation of polycarboxylic 
ether-based (PCE) SPs based on three different treatments: a) a hydrolysis treatment, b) a thermal treatment, 
and c) an irradiation treatment. 
PCE SPs, see Chapter 1 and 3 for details, are last generation SPs currently included in the Belgian 
repository concept. Specifically, Glenium®27 (manufactured by BASF) superplasticizer is one of the 
possible materials that may be used in the construction of the future Belgian nuclear waste deep disposal 
facility [27]. The formulation of this component is under a patent protection but according with our 
characterisation results (see Section 2.1 and Appendix I) it’s a long-chain polymer (with a length ranging 
from 15 to 20 units) mainly composed by ester and ether species. The presence of sulfonated groups in their 
composition has been also detected. However, besides the polymer itself such commercial cocktails use to 
have other unknow components in their formulations (i.e. pesticide, herbicides, etc.). In this work the 
degradation of Glenium®27 depending on the medium pH (from 10.5 to 13.0), the system temperature 
(from 100 to 250oC) and the presence of radiation (from 100 Gy to 220 kGy) has been investigated. The 
experimental conditions used in the degradation experiments have been selected in agreement with the 
information found in the literature research performed in Chapter 3. 
In parallel, and to simplify the system, the degradation of an in-house synthesized PCE SPs (see Section 
2.4 for details about the synthesis) free from other components (i.e. pesticides, herbicides, etc.) has been 




4.2 Materials and methods 
Based on the information previously presented, an experimental study including three possible SPs 
degradation mechanisms (hydrolysis, temperature, radiolysis) has been conducted with Glenium®27 and 
the in-house synthesized PCE SPs (see Section 2 and Appendix I for the entire characterisation of those 
materials).  
4.2.1 Superplasticizer hydrolysis 
Hydrolysis experiments were done by adding 0.1 g of the freeze-dried SPs, only Glenium®27 in these 
experiments, in 40 mL NaOH (Scharlau, Extra pure) solutions with pH ranging from 10.5 to 13.0. Samples 
were sealed and stored in polyethylene vials for one year at controlled temperature conditions, 25 oC (Figure 
4-1). Regularly, aliquots of the solution were taken and measured by using Raman spectroscopy. 
Additionally, for each aliquot the pH of the solution was measured (see Section 2.5 for experimental details 
regarding the analytical measurements). 
 
Figure 4-1. Glenium®27 hydrolysis experiments in hyperalkaline conditions. 
4.2.2 Superplasticizer thermal treatment 
Thermal experiments consisted in heating a freeze-dried portion of the SPs, Glenium®27 or the in-
house synthesized PCE SPs, at different temperatures ranging from 100 to 250 oC during different time 
intervals ranging from 1 to 2 hours. After the treatment, samples were stored in chromatographic sealed 
vials before being analysed by IR and H-NMR (see Section 2.5 for experimental details regarding the 
analytical measurements). 




Figure 4-2. Visual aspect of the freeze-dried SPs, Glenium®27 (left side solid) and the in-house synthesized PCE SPs 
(right side solid), before the thermal treatment. 
4.2.3 Superplasticizer irradiation 
Selected freeze-dried fractions of Glenium®27 and the in-house synthesized PCE SPs were 
encapsulated in glass chromatographic vials to facilitate their irradiation. Then, three different 
methodologies were used to irradiate those samples: 
 Irradiation with a very small dose (100 Gy), carried out in the Sant Pau Hospital using a 
“commercial” human irradiator in collaboration with UPC-INTE (Institute of Energy 
Technologies). 
 Irradiation with a very high dose (220 kGy), carried out in Aragogamma S.L. by using a 60Co 
gamma source. 
 Systematic irradiation from 1 to 100 kGy, carried out in ARRONAX cyclotron by using a 137Cs 
gamma source (manufactured by GSM medical gmbh). 
After the treatment, samples were stored in the sealed vials before being analysed by IR, H-NMR and 





Figure 4-3. ARRONAX cyclotron pictures (Courtesy of Guillaume Blain). 
4.3 Results and discussion 
4.3.1 Superplasticizer hydrolysis 
Raman results are presented in Figure 4-4 for raw and hydrolysed Glenium®27 samples. Raw liquid 
and solid Raman spectra illustrate that the freeze-drying process do not alter the molecule signal, as the 
main bands could be observed for both materials.  
The Raman hydrolysis results obtained for Glenium®27 are not conclusive. According to our results, 
the alteration of Glenium®27 structure is not confirmed at least in the studied pH range (10.5 - 13.0) given 
that Raman measurements do not shown any remarkable feature after 1 year of preservation in alkaline 
solutions. Note that the Raman spectra obtained at shorter contact times is identical to that obtained after 1 
year and thus for simplification purposes these figures have not been included here. It is also obvious that 
the level of SPs used in this experiment was low (2.5 g·kg-1), but representative of the real concrete 
formulations used in Chapter 5 experiments (~3 g·kg-1), and unfortunately the Raman signal obtained from 
the samples was not as intensive as desired (dilution effect). To illustrate the dilution effect the Raman 
spectra of MilliQ water is also shown in Figure 4-4. The pH of the different aliquots taken from the original 
sample was almost constant during the last of the experiment, with variations included in the range of 
uncertainty. Overall, we did not find any signal indicating a possible modification of Glenium®27 SPs 
chemical structure and/or properties in alkaline media.  
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Note that given that results obtained for Glenium®27 were not conclusive we decided not to run 




Figure 4-4. Raman spectra obtained for (a) the raw and (b) the hydrolysed Glenium®27 samples after 1 year of contact. 
For comparative purposes MilliQ water spectra is also included in the figure.  
4.3.2 Superplasticizer thermal treatment 
Thermal treatment results are presented from Figure 4-7 to Figure 4-8. H-MNR spectra were acquired 
for samples treated at 100 and 200 oC for 1 hour, while IR spectra were acquired for all treated samples. 
The reasoning behind these was because samples treated at 200 and 250 oC for 4 and 1 hour, respectively, 
become non-soluble in the conditions used to acquire the H-MNR spectra (D2O water media). Indeed, the 
most heated samples change their visual aspect becoming a rubber material (Figure 4-5). 
 
Figure 4-5. Visual aspect of Glenium®27 after the thermal treatment at 250 oC. 
IR spectra of Glenium®27 samples (Figure 4-6) shown a similar band profile independently of the 
thermal treatment applied. The most remarkable differences appear in the regions of 3000-2800 nm-1 and 




hydrolysis of the ester bond in the polyethyleneglicol (PEG) chain. So apparently, even the hardest thermal 
treatment did not modify the main chemical groups presents in the SPs structure. 
As seen for the IR spectra, Glenium®27 H-NMR results (Figure 4-7) shown a similar band profile at 
100 and 200oC. Small chemical shifts could be seen in the H-NMR spectra but the signals remain almost 
unaltered, indicating that the material structure is preserved even at 200 oC. Nevertheless, as mentioned 
before the samples heated with the most aggressive thermal treatment (i.e. 200 and 250 oC for 1 and 4 hours, 
respectively) became insoluble in D2O water fact that may indicate a structural modification of 
Glenium®27 in these conditions.  
 
Figure 4-6. IR spectra of Glenium®27 samples exposed at a) samples 1-100, 1 hour at 100 oC, b) samples 1-200, 1 
hour at 200 oC, c) samples 4-200, 4 hours at 200 oC, and c) samples 1-250, 1 hour at 250 oC. For comparative purposes 
the spectrum of the unaltered material is also included.  




Figure 4-7. H-NMR spectra of Glenium®27 samples exposed at 100-200oC for 1 hour. For comparative purposes the 
spectrum of the unaltered material is also included. 
IR and H-NMR results obtained for the in-house synthesized PCE (Figure 4-8 and Figure 4-9) are in 
line with those previously discussed for Glenium®27. Overall, the chemical groups within the SPs structure 
remain unaltered, even with the most aggressive thermal treatment, with minor modifications in the IR 
regions of 3000-2800 nm-1 and 1800-1400 nm-1. On the contrary, H-NMR results, especially in the region 
from 2.0 to 0.5 ppm corresponding with H signals from the CH3 and CH2 units from the terminal SPs 
positions, shown a decrease in the bands intensity related with a possible restructuration (co-
polymerization) of these units. 
In general, the thermal treatment applied onto the SPs samples indicate that these materials structure 
remain almost unaltered up to 200 oC, at least in treatments that last 1 hour. Over this temperature 
(e.g. 250 oC) or after a long-time period at 200 oC (> 1 hr) the structure of these materials is not preserved 
directly affecting its performance. It is worth mentioning that such high temperatures are not expected in 





Figure 4-8. IR spectra of in-house synthesized PCE SPs exposed at a) samples 1-100, 1 hour at 100 oC, b) samples 
1-200, 1 hour at 200 oC, c) samples 4-200, 4 hours at 200 oC, and c) samples 1-250, 1 hour at 250 oC. For comparative 
purposes the spectrum of the unaltered material is also included. 
 
Figure 4-9. H-NMR spectra of the in-house synthesized PCE SPs samples exposed at 100-200 oC for 1 hour. For 
comparative purposes the spectrum of the unaltered material is also included. 
4.3.3 Superplasticizer irradiation 
Results obtained for the SPs irradiated samples, Glenium®27 and the in-house synthesized PCE SPs, 
are shown from Figure 4-10 to Figure 4-17. Similarly, to the thermal treatment results, overall SPs materials 
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studied in this work remain almost unaltered up to radiation doses of 220KGy. It is worth mentioning that, 
contrary to the observations found in the thermal treatments, all irradiated samples were soluble in D2O 
water and thus H-NMR measures were done to the whole set of samples. Results obtained at the lowest 
irradiation dose, 100 Gy, are not included in the figures because they do not shown any remarkable feature, 
being almost the raw material. 
The IR spectra of both irradiated materials, Glenium®27 and the in-house synthesized PCE SPs, do 
not shown any remarkable feature that illustrate the degradation of the main chemical groups already in the 
SPs structure either the possible generation of new chemical groups. At first sight one can clearly see that 
the IR bands, corresponding to the vibration – rotation of the different bonds within the SPs, appear in the 
same spectra positions independently of the applied radiation dose (Figure 4-10 and Figure 4-11).  
 





Figure 4-11. IR spectra of in-house synthesized PCE SPs samples exposed at 1-220 kGy.  
In line with the IR results, H-NMR results for both studied materials (Figure 4-12 and Figure 4-13) did 
not show any special feature indicative of a possible material structural degradation even at the highest 
studied radiation doses. Small differences could be appreciated in the signals located approx. at 4 ppm, 
corresponding with the main polyethyleneglicol (PEG) chain, but it is hard to link this with a possible SPs 
structure modification.  
 
Figure 4-12. H-NMR spectra of Glenium®27 samples exposed at 1-220 kGy. For comparative purposes the spectrum 
of the unaltered material is also included. 




Figure 4-13. H-NMR spectra of the in-house synthesized PCE SPs samples exposed at 1-220 kGy. For comparative 
purposes the spectrum of the unaltered material is also included. 
The irradiated samples were also analysed by means of GPC to determine not a total but a partial SPs 
degradation. The molar mass distribution (Figure 4-14 and Figure 4-15) and the polydispersity index 
(Figure 4-16 and Figure 4-17) of both, Glenium®27 and the in-house synthesized PCE SPs, clearly evolves 
as a function of the applied radiation dose.  
From the molar mass distribution figures, we can see that Glenium®27 molar mass is characterised by 
a main band located between 104/5 Da (corresponding to the polyethyleneglicol (PEG) chain) while the in-
house synthesized PCE SPs presented a different profile with two main bands located between 103/4 and 
approx. 105 Da, respectively. In the case of Glenium®27, increasing the samples irradiation implies a 
different molar mass distribution profile characterised by the formation of heavier compounds 
(i.e. > 106 Da). An important intensity decrease is also observed for the band at 104/5 Da indicative of a 
decrease of the concentration of the main structural polyethyleneglicol (PEG) chain. These results indicate 
a partial Glenium®27 co-polymerization that are also in agreement with the polydispersity index evolution 
as a function of the irradiation dose (Figure 4-16). 
GPC results obtained for the in-house synthesized PCE SPs (Figure 4-15) are more complex than that 
of Glenium®27. Apparently, up to 50 kGy the behaviour of this material is identical to that obtained for 
Glenium®27, heavier compounds are generated (i.e. >106 Da) with a decrease of the main bands 
corresponding to the original polyethyleneglicol (PEG) chain. The evolution of the polydispersity index 
(Figure 4-17) is also in line with the results obtained for Glenium®27 up to 50 kGy, suggesting that a co-




present a sharp molar mass distribution decrease, suggesting a probable polyethyleneglicol (PEG) chain 
restructuration in lower length members. However, at 220 kGy, we see again a partial material co-
polymerization. 
 
Figure 4-14. Glenium®27 molar mass distribution obtained with the GPC experiments. 
 
Figure 4-15. In-house synthesized PCE SPs molar mass distribution obtained with the GPC experiments. 




Figure 4-16. Polydispersity index for each irradiated Glenium®27 sample obtained with the GPC experiments. 
 
Figure 4-17. Polydispersity index for each irradiated in-house synthesized SPs PCE sample obtained with the GPC 
experiments. 
Overall, our results indicate that the irradiation of Glenium®27 and the in-house synthesized PCE SPs, 
will generate a partial co-polymerization of these materials. However, the main chemical groups as well as 
the main SPs structure is preserved even in the samples treated with the highest radiation dose.  
4.4 Conclusions 
The degradation of polycarboxylate ether-based (PCE) superplasticizers (SPs) has been investigated 
in this work. Two materials, a commercial sample manufactured by BASF (Glenium®27) and an in-house 




treatments, hydrolysis, temperature and irradiation, that may induce the modification of the structure or 
functionalities of these materials. 
Our results indicate that the studied SPs remain unaltered when exposed to hydrolysis processes, 
system pH keep constant during the last of the experiments, although those results are not conclusive given 
the weak signals obtained with the Raman spectroscopy. Alternative analytical methodologies for future 
experiments may be of great interest here in order to validate our results. 
In the other hand, when these materials are exposed to high temperatures or radiation doses, important 
changes in the SPs structure have been observed although the main chemical groups remain unaltered. 
Temperatures over 200 oC produce a clear SPs alteration making the material water insoluble (i.e. structure 
alteration, co-polymerization) and thus affecting its performance. Fortunately, such high temperatures are 
not expected in repository conditions (maximum thermal peak expected at 100 oC). Therefore, according 
to our results none of the studied materials will be affected by thermal process under deep disposal 
conditions. Our results also indicate that small radiation doses will not affect the structure of the SPs. 
However, increasing the radiation doses up to 220 kGy will produce a partial SPs co-polymerization that 
finally may lead un-satisfactory material performance. As previously mentioned for the hydrolysis 
experiments, alternative analytical methodologies for future experiments may be of great interest here in 
order to validate our results. Moreover, the study of water radiolysis linked SPs degradation may be of 
utmost interest to re-confirm the stability of such materials under deep disposal conditions. 
Overall, the results presented here indicate that PCE SPs are robust materials supporting their selection 
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5 Effect of superplasticizers on Ni behaviour in cementitious 
environments 
In the previous chapters the focus was on the degradation of cement superplasticizers, based on 
literature and also in experimental data, and the possible formation of small organics compounds that may 
affect the chemical behaviour of radionuclides in deep disposal conditions. The present chapter goes a step 
further with an experimental investigation on the effect of a commercial superplasticizer on the behaviour 
of nickel. 
5.1 Overview of the case study 
SuperPlasticizers (SPs), are common admixtures used in concrete formulations (no more than 5% of 
those materials by mass of cement [43]) to lower the mix water requirement of concrete [27]. As already 
mentioned in Chapter 1, Glenium®27 is one of the SPs currently defined as a reference material for being 
used in concrete formulations to build up different structures in the Belgian deep disposal facility for 
radioactive wastes (Figure 5-1).  
 
Figure 5-1. Multibarrier System for deep disposal of radioactive waste, Belgian disposal “supercontainer” concept [27]. 
Nickel is a constituent of repository construction materials (i.e. stainless steel) and thus expected to be 
encountered in the deep disposal conditions studied in this work [82].  
On the other hand, cementitious materials reduce the mobility of radionuclides contributing to the long-
term safety when the containment is lost and radionuclides start to move from the waste package due to 
water intrusion. Once containment is lost, intruding groundwater will be first in contact with the concrete 
barrier and later with the radioactive waste matrix and waste constituents (i.e. nickel activation products). 
Groundwater composition will therefore be conditioned by contact with concrete prior to contacting the 




of small organic compounds (i.e. gluconate, isosaccharinate, oxalate…) with different chemical properties 
[39]. Radionuclides form stable complexes with some small organic compounds ([8, 32] and references 
therein) of similar characteristics of those that may be originated from the alteration of SPs (Figure 5-2).  
 
Figure 5-2.Tentative sketch of the Glenium®27, and small organics, behaviour towards radionuclides in the studied 
system. 
The effect of gluconate, isosaccharinate and oxalate on the behaviour of several radionuclides have 
been extensively studied during the last years [6, 7, 10, 18-20, 24, 25, 29, 30, 32, 49-51, 75, 77-79, 88, 90-
92, 97-102, 111]. The behaviour of Ni in the presence of these organics has been the focus of detailed 
sorption and solubility studies under different pH, temperature and ionic strength conditions [19, 29, 30, 
49, 50, 75, 99, 101, 102]. Important effects on Ni behaviour have been observed due to the presence of 
these organics, especially at high organic concentrations. In near neutral and slightly alkaline conditions 
the formation of aqueous species with stoichiometries Ni-L (aq) and Ni-L2 (aq) (where L stands for the 
organic ligand) has been reported [19, 29, 30, 99, 101, 102]; while in alkaline solutions the formation of 
ternary species including OH- ions in the structure (i.e. Ni-OH-L) has been suggested [95]. Under these 
conditions, the stoichiometry of the formed species (i.e. mononuclear and/or polynuclear) remains uncertain 
and so do their associated stabilities.  
Previous works [54, 110] pointed out that the direct addition of SPs (Rheobuild SP8LS manufactured 
by BASF [54] and ADVA Cast 551 manufactured by Grace [110]) to solution increases radionuclide 
solubility due to organic functional groups – radionuclide interaction. Nevertheless, once SPs are mixed 
with cement their effect on radionuclide solubility seems to be limited, probably due to a non-specific 
sorption mechanism of the SPs over the cement surface [54, 107]. Therefore, understanding the nature and 
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strength of the interactions between radionuclides and SPs present in concrete formulations (and their 
degradation/aging products) deserves focused studies.  
In this chapter, we have studied the effect of a polycarboxylic ether-based (PCE) SPs on the solubility 
of Ni(OH)2(s). To this aim, solubility experiments have been set up by working from both, over and under-
saturation conditions. The main goal of this study is to quantify the effect of a PCE-SPs on Ni, as well as 
to get some hints on the nature and mechanism of the interaction. Three different solution compositions 
were considered: 1) Concrete Synthetic PoreWater (CSPW) without organic compounds, 2) leachates of 
concrete samples without SPs, and 3) leachates of concrete samples (G and WG) containing SPS 
(Glenium®27 manufactured by BASF). Results are compared with thermodynamic calculations and 
available literature data to depict nickel behaviour in the studied conditions. The effect of Glenium®27 on 
the behaviour of Ni has been compared with that of other organics, i.e. isosaccharinate. 
5.2 Materials and methods 
5.2.1 Concrete solid samples 
Concrete blocks were prepared following the European standard UNE-EN 196-1 [2]. The raw 
composition of the blocks is detailed in (Table 5-1), for additional details the reader is refereed to Section 
2.2. Note that, as explained in Section 2.2, two different series were produced one containing Glenium®27 
(G samples) and another one without Glenium®27 (WG samples). 
Table 5-1. Amounts and materials used in concrete blocks preparation. G stands for samples with Glenium®27 addition 
while WG stands for samples without Glenium®27. 
 kg of used raw material 
 Samples WG Samples G 
Cement 5.3 5.3 
Filler 1.5 1.5 
Aggregate 0/4 10.6 12.7 
Aggregate 2/6 8.0 5.1 
Aggregate 6/14 8.5 8.5 
Glenium®27 - 0.1 
Water 2.8 2.1 
Water/Cement ratio (W/C) 0.5 0.4 
 
5.2.2 Concrete porewaters 
CSPW and concrete leachates were used in this work (Table 5-2). For details related with porewaters 




Table 5-2. CSPW and real concrete leachates compositions obtained in this work. Note that CSPW, WG and G stands 
for Concrete Synthetic PoreWater, concrete leachates without Glenium®27 and concrete leachates with Glenium®27 
respectively. For each of the leachates two different compositions are reported as a function of the grinding size (< 1 
mm and 1-4 mm). 
 CSPW WG < 1 mm WG 1-4 mm G < 1 mm G 1-4 mm 
pH 13.3 12.4 12.4 12.5 12.4 
 mol·L-1 
TIC <LOD* 1.7·10-5 3.2·10-5 1.7·10-5 2.3·10-5 
TOC - 5.2·10-5 4.7·10-5 1.2·10-4 1.2·10-4 
Na 1.2·10-1 1.2·10-4 1.0·10-4 1.2·10-4 9.4·10-5 
K 8.2·10-2 4.6·10-4 4.2·10-4 4.3·10-4 3.7·10-4 
Ca 1.4·10-3 7.5·10-3 6.6·10-3 6.1·10-3 7.7·10-3 
SO4 1.8·10-3 5.9·10-6 7.7·10-6 8.2·10-6 8.3·10-6 
Fe <LOD <LOD <LOD <LOD <LOD 
Al 7.7·10-6 <LOD 4.8·10-6 <LOD 4.8·10-6 
Cl - 2.1·10-4 2.3·10-4 1.7·10-4 1.5·10-4 
Si 6.2·10-6 <LOD <LOD <LOD <LOD 
Ni <LOD <LOD <LOD <LOD <LOD 
* <LOD. Below limit of detection 
 
5.2.3 Solubility experiments 
Solubility experiments (Figure 5-3) were set up in both, under- and oversaturation conditions under 
N2(g) atmosphere (Jacomex, GP[Concept]-II-S), as follows:  
 Under-saturation experiments. Commercial Ni(OH)2(s) (ACROS, analysis grade) was used in the 
under-saturation experiments. Those experiments were set up by contacting 2 g of Ni(OH)2(s) with 
50 mL of media (either CSPW or the leachates), S/L ratio of 40 g·L-1. This high S/L ratio was 
chosen to ensure the presence of unperturbed solid during the whole experiment duration. Solution 
pH was unaltered after the addition of the solid. The experiments were manually shaken daily over 
a period of 12 months.  
 Oversaturation experiments. Oversaturation experiments consisted in mixing 4 mL of a 10-5 mol·L-1 
Ni(NO3)2 solution (0.1 mol·L-1 HNO3) with 40 mL of media (CSPW or the leachates). After few 
seconds, the formation of a characteristic green solid suspension was observed indicating the 
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formation of an amorphous nickel hydroxide that was later identified by Scanning Electron 
Microscopy - Energy Dispersive X-Ray spectroscopy (SEM-EDX; FE-SEM - ZEISS Ultraplus, X-
Max EDX detector, from OXFORD Instruments) and X-Ray Diffraction (XRD; PANalytical 
X’Pert PRO MPD / powder diffractometer). XRD results are presented in Figure 5-4, note that 
two additional peaks appear in the in-situ precipitated sample related with the formation of calcium 
carbonate. In the case of the leachates, the pH of the solution in the oversaturation experiments was 
slightly acidified from ~12.3-12.4 to final pH values around 12.0. The reason behind this deviation 
was the addition of the acid Ni stock solution. On the contrary, pH was unaltered in oversaturation 
CSPW experiments after the acid Ni stock solution addition as the initial pH value in those samples 
(~13.27) was higher than in the leachates (12.3-12.4).  
 
Figure 5-3. Nickel under-saturation solubility experiments in leachate solutions. 
At given time intervals, aliquots of the samples were collected, filtered, acidified and analysed for Ni 
concentration by ICP-MS. The filtering process was done with Nylon syringe filters suitable for use in 
alkaline conditions. In order to check the possible formation of Ni colloid particles in these experiments 





Figure 5-4. XRD pattern obtained from solids recovered after finishing the solubility experiments in both under- 
(commercial Ni(OH)2(s)) and oversaturation (in-situ precipitated nickel hydroxide) conditions. 
5.2.4 Thermodynamic calculations 
The geochemical code PhreeqC [72] combined with the thermodynamic database ThermoChimie v.9 
(https://www.thermochimie-tdb.com/) [37, 44] have been used in the calculations performed in this work. 
The Davies approach (eq. 1) has been used for ionic strength corrections. Thermodynamic calculations 
made in this work consisted mainly in solubility and speciation calculations as a function of different 
parameters like pH, organic concentration and time. The main purpose of these calculations was to get some 




0.3  eq. 1 
 
5.3 Results and discussion 
As seen in Table 5-2, concrete leachates and CSPW studied in this work presented a significantly 
different composition. CSPW was prepared for being representative of a fresh cement state, cement 
degradation state I (Figure 5-5), and thus its alkali content and pH are higher than in the case of leachates, 
where the alkali content has already been leached. Concrete leachates studied here are representative of a 
later cement degradation step governed by portlandite (Ca(OH)2) dissolution (Figure 5-5) and thus 
presenting a lower pH ( 12.5) and higher Ca concentrations in solution [55, 89].  
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Figure 5-5. Schematic diagram illustrating the change of pore fluid pH resulting from the progressive aqueous 
dissolution of cement, taken from [55]. 
Ni solubility results obtained in this work are shown in Figure 5-6 and Figure 5-7. In CSPW media, 
equilibrium (i.e. measurements of different samples and replicates do not vary more than 10%) was always 
reached before 80 days of contact time (Figure 5-6). In the case of the solubility experiments with the 
leachates, whose composition is more complex than that of CSPW media (Table 5-2), equilibrium was not 
completely reached (measurements of different samples and replicates vary approx. half and order of 
magnitude) even after 120 days (Figure 5-7). In either the case, obtained results are in fair agreement with 
previous published studies [34, 59] (Figure 5-8). In addition, over and undersaturation trends cannot clearly 
seen in Figure 5-6 - Figure 5-7, indicating fast partial equilibrium in the system. 
After 300 days of contact time, no relevant differences between solubility measurements in leachates 
of concrete samples with and without SPs in their formulations were observed, in agreement with the very 
similar TOC levels measured in both cases (Table 5-2). From this observation, it can be concluded that the 
release of small organic compounds from concrete, due to the SPs degradation or aging to the solution, is 
negligible after 300 days. This result is in good agreement with the predictions by Wieland and Van Loon 





Figure 5-6. Ni (mol·L-1) as a function of time (days) in 
over and under saturation experiments. Those results 
have been obtained in CSPW media, pH  13.2. The grey 
shaded area stands for Ni(OH)2 theoretical solubility 
range (including uncertainties) calculated with 
ThermoChimie at pH = 13.2. Red dashed line stands for 
the equipment Limit of Quantification (LOQ). 
Uncertainties stand for the standard deviation of at least 
two replicas, and are included within the point size. 
Figure 5-7. Ni (mol·L-1) as a function of time (days) in 
over and under saturation experiments. Those results 
have been obtained in concrete leachates media, WG 
and G, pH from 12 to 13. The grey shaded area stands 
for Ni(OH)2 theoretical solubility range (including 
uncertainties) calculated with ThermoChimie between 
pH 12-13 without organic presence in the system. Red 
dashed line stands for the LOQ. Uncertainties stand for 
the standard deviation of at least two replicas. 
In CSPW media nickel aqueous concentrations are slightly higher than in leachates. This is because of 
the chemical hydrolysis of nickel as illustrated in Figure 5-8, where one can see a representation of the 
theoretical solubility of Ni(OH)2(s) as a function of pH and its underlying aqueous speciation. As seen from 
this figure the formation of the species Ni(OH)3- at higher pH tends to increase Ni solubility. For illustrative 
purposes literature data obtained in similar conditions as well as data obtained in this work (up to 300 days) 
is plotted in Figure 5-8. As seen in this figure, data obtained in this work is in very good agreement with 
independent literature data, are slightly lower than the theoretical solubility predicted for Ni(OH)2(s) with 
ThermoChimie v.9, although fall within its uncertainty range. Note that the uncertainty associated with the 
formation of Ni(OH)3- species is very large and, consequently the grey shaded zone accounting for the 
Ni(OH)2(s) solubility uncertainties in Figure 5-8 increases as a function of the participation of this species 
in Ni hydrolysis scheme. Recently published studies on Ni(OH)2(s) solubility [40] show no increase of the 
concentration of the solid under very alkaline pH values, indicating that the species Ni(OH)3- might not be 
relevant under the studied conditions and that its stability could had been overestimated in the usual 
thermodynamic databases. 




Figure 5-8. Theoretical solubility of Ni(OH)2(s), black solid line, as a function of pH. Circles stand for data obtained in 
this work up to 300 days in the different studied conditions. Cross and plus symbols stand for independent literature 
data [34, 59] obtained in similar conditions as the ones we worked with. Dashed lines stand for the fraction of the 
different Ni aqueous species in equilibrium with Ni(OH)2(s) in the studied conditions. The grey shaded area stands for 
Ni(OH)2(s) theoretical solubility uncertainties as a function of the hydrolysis species. For comparative purposes the 
solubility of Ni(OH)2(s) without considering the formation of Ni(OH)3- species, blue solid line, has been included in this 
figure. Calculations done with PhreeqC and ThermoChimie v. 9.0 database.  
Additional under-saturation solubility experiments with variable SPs spikes in aqueous solution were 
performed to decipher whether the studied SPs were able to affect the behaviour of nickel in a cementitious 
environment. Those experiments were done by using CSPW media, and thus following the same procedure 
previously detailed, but adding variable SPs dosage ranging from 0.05 to 1.0 mL from the original SPs raw 
solution. The selected SPs spikes gave TOC values in solution ranging from 1.6·10-3 to 3.2·10-2 mol·L-1. 
Those TOC values are far from being representative of the standard concrete samples (e.g. G samples listed 
in Table 5-1) prepared in this work (5.5·10-5 mol·L-1) but of interest to understand the interaction between 
nickel and the SPs. Figure 5-9 presents nickel hydroxide solubility results obtained at variable SPs spikes. 
From this figure one can deduce that the presence of SPs in solution clearly enhances nickel solubility in 
CSPW conditions. TOC values over 3·10-3 mol·L-1 are required to observe an important increase of nickel 
solubility. Interestingly, at long term, increasing the TOC content from 1.6 to 3.2·10-2 mol·L-1 does not 
seem to affect nickel behaviour, suggesting steady state conditions. An approximate increase of three orders 
of magnitude on Ni solubility is observed at the highest SPs spikes. In agreement with our findings here, a 
solubility increase effect has been also reported by others [41, 110] when studying U, Pu and Am behaviour 




solubility of Ni by three orders of magnitude has been found in cement equilibrated porewaters with 
different SP spikes. Those authors also reported an increase of two orders of magnitude for 241Am and for 
239Pu solubilities while in the case of U similar concentrations were achieved with and without SP spikes. 
It must be notice that the cement equilibrated water used in [63] was obtained after squeezing the concrete 
samples and thus the authors believe that the agent responsible of controlling U behaviour was already 
present in the equilibrated water before adding the SP spike. 
 
Figure 5-9. Ni (mol·L-1) as a function TOC (mol·L-1) at different times (10-170 days) in under saturation experiments. 
Those results have been obtained in CSPW media, pH  13.2. Red dashed line stands for the LOQ. Uncertainties 
stand for the standard deviation of at least two replicas. 
Small organics (i.e. isosaccharinic acid, gluconate, oxalate, etc.) have a great effect on Ni behaviour 
and may be used as surrogates to understand the effect of more complex materials like SPs. Kitamura and 
co-workers [54], studied gluconate as a simple surrogate to represent SPs complexing capacity when 
studying Th and Am solubilities in similar conditions as the ones presented in this work. The results 
presented by those authors overestimate Am and Th solubilities almost two or three orders of magnitude 
assuming gluconate as a SPs surrogate and using the JAEA thermodynamic database in their calculations. 
In their, study the authors used squeezed cement porewaters and thus as they discussed SPs could be 
strongly adsorbed in the cement phases preventing its release and its possible final effect on radionuclide 
behaviour. Considering Kitamura and co-workers [54] work as a reference, and using the TOC data 
obtained in our work, we have done a similar exercise. If we assume that all measured TOC content in our 
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samples is due to the presence of the organic ligand of interest (isosaccharinic acid, gluconate or oxalate) 
in solution, we can estimate what would be the concentration of the organic compound in our system 
through simple stoichiometry relationship (Table 5-3).  
Table 5-3. Calculated concentrations of ISA, GLU and Oxalate, assuming TOC is completely originated by the presence 








1.6·10-3 2.6·10-4 2.6·10-4 7.9·10-4 
3.2·10-3 5.3·10-4 5.3·10-4 1.6·10-3 
9.5·10-3 1.6·10-3 1.6·10-3 4.7·10-3 
1.6·10-2 2.6·10-3 2.6·10-3 7.9·10-3 
2.2·10-2 3.7·10-3 3.7·10-3 1.1·10-2 
3.2·10-2 5.3·10-3 5.3·10-3 1.6·10-2 
 
Thermodynamic data for the complexation of Ni with ISA and oxalate ligands are included in 
ThermoChimie v9. A recent study [40] on Ni-ISA systems published different Ni-ISA stability constants 
that have been used in this work for comparative purposes. In the oxalate case, ternary species Ni-OH-Ox 
are expected to form at alkaline conditions [95]. Experimental data for the formation of these species are 
not yet available and thus not included in ThermoChimie v.9. It is possible to estimate an upper limit for 
the stability of these species taking into account that the hydrolysis of metal-ligand complexes is always 
somewhat weaker than the hydrolysis of the hydrated cation itself [95]. In this way, the following upper 
limits for log K values of formation of Ni-OH-Ox ternary species are obtained (r. 6 and r. 7). 
Ni2+ + Ox2- + H2O  Ni(OH)(Ox)- + H+ log K < -4.4 r. 6
Ni2+ + Ox2- + 2H2O  Ni(OH)2(Ox)2- + 2H+ log K < -12.6 r. 7
Ni gluconate complexation is not included in ThermoChimie v.9. Evans and co-workers [29, 30, 99, 
100] studied this system in near-neutral and alkaline media (pH from 7 to 13) which is of interest for this 
work. The authors reported the formation of three different species as a function of the system pH. In the 
alkaline pH range of interest for the current study, the formation of a polynuclear species 
(Ni2(OH)4(HGLU)-) with a log K of -24.6 at I = 0.3 mol·L-1 for r. 8 is expected according to Evans and co-
workers studies.  
2Ni2+ + GLU- + 4H2O  Ni2(OH)4(HGLU)- + 4H+ r. 8
Considering the organic concentration values listed in Table 5-3, the thermodynamic data for the Ni-




concentration evolution as a function of the estimated organic content in samples have been done (Figure 
5-10. a-c). The theoretical solubility of Ni(OH)2(s) calculated with ThermoChimie v.9 as a function of the 
total organic concentration (ISA, GLU or oxalate) as well as the aqueous speciation of nickel in equilibrium 
with the studied solid is also shown in these figures for comparative purposes. As seen from these figures, 
the increase of organic concentrations increases the solubility of Ni(OH)2(s) through the formation of 
different aqueous species depending on the studied organic ligand (Ni(OH)3(HISA)2-, Ni2(OH)4(HGlu)-, 
Ni(OH)2(Ox)2-). The formation of these species occurs even at low organic concentrations (1·10-4 mol·L-1) 
and controls the aqueous chemistry of nickel at organic levels above ~1·10-3 mol·L-1.  
 






Figure 5-10. Theoretical solubility of Ni(OH)2(s), black solid line, as a function of organic ligand content (mol·L-1) in 
CSPW conditions. Black dashed lines stand for the fraction of Ni aqueous species in equilibrium with Ni(OH)2(s) in the 
studied conditions. Symbols stand for nickel solubility values measured in this work. The grey shaped area stands for 
Ni(OH)2(s) theoretical solubility uncertainties as a function of the hydrolysis species. ThermoChimie v. 9.0 together with 
Ni-OH-Ox ternary species and Ni-GLU data from [29] have been used in these calculations. Note that results obtained 




Experimental Ni solubility data obtained in this work, symbols in Figure 5-10, follow the same trend 
as the theoretical Ni(OH)2(s) solubility in the presence of small organic ligands; this is Ni concentration 
increases as the level of organic increases in solution. Nevertheless, at the highest organic concentration 
there are some discrepancies between predicted and measured Ni concentrations for ISA and GLU systems. 
Assuming the formation of the ternary species Ni-OH-Ox results in a good fit of the experimental results 
at higher oxalate concentrations. Is worth mentioning that if we account for the uncertainties of the solid 
and aqueous Ni species in the system (grey shaped area in Figure 5-10. a-c), the experimental results may 
be explained by assuming the presence of either of the organics (ISA, GLU and oxalate) that have been 
studied here.  
As previously explained, PCE SPs are mainly composed by a long carbon backbone and carboxylic 
acids terminations (Figure 5-2), besides different additives (pesticides, herbicides, etc.) added into the SPs 
cocktail solution to preserve its properties/functionalities. A direct relationship between SPs and 
ISA/GLU/Oxalate global structures is not straightforward (Figure 5-2 and Figure 5-11). A close comparison 
of “raw” SPs and small organic (ISA, GLU, Oxalate) structures points out that all those compounds have 
carboxylic or carboxylate terminations in their structure. ISA and GLU presented a similar structure with 
just one carboxylate member while oxalate is a relatively smaller molecule with two carboxylate 
terminations. From a chemical reactivity point of view this means that oxalate is a more labile molecule 
than ISA and GLU. This observation agrees well with the blind predictions presented in Figure 5-10, where 
it was shown that oxalate presented the higher complexing capacity towards Ni.  
  
 
(a) (b) (c) 
Figure 5-11. Sketch of a) ISA, b) GLU and c) oxalate structures. 
 
5.4 Conclusions 
The solubility of nickel in cementitious environments and the effect of Glenium®27, a PCE 
superplasticizer, on its solubility has been studied in this work. To this aim two different aqueous media 
were selected, a synthetic porewater representative of a fresh cement and leachate porewaters accounting 
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Nickel solubility values obtained in solution in the absence of superplasticizers are in fair agreement 
with previous published studies. Results obtained with the direct addition of Glenium®27 into the samples 
indicate that if this polymer is released to the solution, it could cause an important enhancement of Ni 
solubility in cementitious systems. This effect has also been observed by others in similar systems for a 
variety of radionuclides (U, Th, Pu, Am). In the case of leachates, our results indicate that, once SPs is 
included in the concrete formulation, this polymeric material is stabilized (e.g. adsorbed into the cement 
phases) and negligible mobilization effects on the behaviour of a trace radionuclide like Ni could be 
observed.   
Thermodynamic calculations carried out in this work suggest that, for this specific system, oxalate may 
be used as a SPs surrogate to reproduce the experimental trends obtained for Ni(OH)2(s) solubility at 
variable superplasticizer dosages. Nevertheless, considering the high uncertainty of some of the 
thermodynamic data used in this exercise, either gluconate or isosaccharinate may be consider as alternative 
SPs surrogates. In future works the focus should be on characterising SPs structure as well as possible 
aging/degradation products in cementitious systems for a better process representation. 
In summary, the results presented here indicate that in realistic systems Glenium®27 is stabilized (e.g. 
adsorbed into the cement phases) and thus its effect on radionuclide mobility will be negligible. Moreover, 
the amount of Glenium®27 used in the cement formulations is relatively low (TOC  5·10-5 mol·L-1), and 
in the unlikely event of a total Glenium®27 release from the cementitious system, TOC values over 
3·10-3 mol·L-1 are required to observe an important increase of nickel solubility; which is far from the real 
samples measures. The results presented in this work support the selection of Glenium®27 as a reference 





















In this study the characterisation, stability as well as the reactivity of polycarboxylate ether-based 
superplasticizers has been investigated in the frame of radioactive waste disposal. Specifically, 
Glenium®27 has been chosen in this work as it is one of the reference materials selected by the Belgian 
authorities for building up the future waste repository. In addition, an in-house synthesized polycarboxylate 
ether-based superplasticizer free from impurities (i.e. free from pesticides, herbicides, etc.) has been studied 
within the stability experiments for comparative purposes. Our stability studies have been mainly based in 
three processes (i.e. hydrolysis, temperature, irradiation) expected to have some impact on superplasticizers 
chemical evolution under deep disposal conditions. Reactivity of the studied superplasticizer towards 
Nickel has been investigated here through solubility studies in different porewater conditions representative 
of a variety of repository scenarios. 
The results gathered from different analytical techniques led us to conclude that both, Glenium®27 as 
well as the in-house synthesized material, presented a polyethyleneglicol carbon-backbone chain with n 
members, n ranging from 15 to 23, and different terminal chemical groups including polycarboxylate and 
sulfonated species. Mainly, methacrylic acid has been found as a polycarboxylate species within the 
superplasticizers, although other non-identified species have been also found in Glenium®27 cocktail. 
Those elements, the polyethyleneglicol back-bone and the terminal functional groups, confer the 
superplasticizer with a great plasticity as well as good hydro and hygrophobic properties suitable for their 
use in concrete formulations.  
Overall, we have found that temperature and radiation processes, at repository optimal levels, will not 
have an important impact on the structure and/or the chemical composition of such materials. However, a 
more aggressive treatment, will promote a structural material transformation that may have an important 
impact on the performance of the material under deep disposal conditions. As an example, superplasticizer 
co-polymerization has been found to occur at temperature over 250oC, limiting thus the plasticity of the 
material under such conditions. The study of superplasticizer irradiation in aqueous solutions is envisaged 
as a possible degradation pathway through interactions with the OH• radical that must be further study to 
ensure the safety of the radioactive waste disposal. 
Not conclusive results have been obtained from our hydrolysis experiments. Superplasticizer 
hydrolysis has not been observed in our batch tests as the system pH remained constant after one-year 
contact time. Raman measurements were not able to confirm whether the superplasticizer was 
hydrolysed / modified. Devoted hydrolysis experiments using more sophisticated analytical techniques 
such as mass NMR to characterise the final products are envisaged as a good solution to confirm or to 
discard the extension of superplasticizer hydrolysis. 
According to our results, once mixed with the different concrete primary components, Glenium®27 




out with different concrete leachates as well as with synthetic cementitious porewater, have confirmed this 
finding. Our results show that the inclusion of Glenium®27 into concrete formulations does not affect Ni 
behaviour under the dosages used in concrete preparation. However, adding directly the Glenium®27 
cocktail (at dosages higher than the standard used in concrete formulations) into the cementitious porewater 
(without cement / concrete presence) substantially increases the concentration of Ni in solution. 
Interestingly, at high Glenium®27 concentration, a plateau is observed on Ni solubility indicating possible 
steady-state conditions or perhaps the formation of big Ni-Glenium®27 complexes that have been retained 
within the filters. The complexation capacity offered by the Glenium®27 towards Ni has been found to be 
similar to the complexation capacity of other small organic compounds such as oxalate, isosaccharinate or 
gluconate. 
In summary, our results indicate that under standard deep disposal conditions Glenium®27 will be 
stable, and not altered by temperature, radiolysis and/or hydrolysis processes. This means that the 
generation of labile small organics compounds, that may complex radionuclides from the disposed wastes 
increasing their mobility, due to superplasticizers degradation will be almost negligible. This is a key 
argument to support the use of superplasticizers as a concrete admixture for building up the future nuclear 
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Appendix I  
Material characterisation 
Raw cementitious materials were characterised by X-Rray diffraction and acid digestions (HF and 
Aqua regia) followed by ICP-OES / ICP-MS (see Section 2.5 for experimental details) metals analysis. 
XRD and solid digestion results are shown in Table A 1 and from Figure A 1 to Figure A 5. As expected, 
Ca and Si were found as the major elements within the analysed materials. Indeed, calcium carbonate solid 
phases (Calcite and Dolomite) and Quartz were detected as main solid phases in the aggregates. CEM I 
solid phase composition was in the range of other literature reported data [89]. 
Raw Glenium®27 material presented neutral pH values (6.44) and an extremely high TOC signal 
(9.5 ppm, dilution 1:10000 in MilliQ water). The UV-vis spectra of the raw superplasticizer is shown in 
Appendix I and Figure A 6. The absorption maximum is observed around 200 nm and could be associated 
with an n- * transition in the polyether chains or a transition in the C=O groups. The UV-vis spectra is in 
agreement with the results obtained for a similar superplasticizer, Glenium®51, by Andersson and co-
workers [8]. 
IR spectra of both, Glenium®27 and the in-house synthesized superplasticizer, are detailed in Figure 
A 7 and Figure A 8. As could be seen there are important features in both spectra, but most importantly 
both materials presented similar characteristics: 
 The peak at  2.900 nm, which is related with C-H bond tensions, is well observed in both 
samples. 
 In both spectra the peak at  1.700 – 1.500 nm, related with the tension of the C=O and C=C 
bond, could be well observed. 
 In both spectra the peak at  1.200 nm, related with the tension of the S=O bond, could be well 
observed. 
 Finally, it is also interesting to observe that the peak at  1.000 nm, which could be related 
with alcohols, carboxylic acids or esters, is well observed in both spectra.  
Based on the IR spectra of both materials the following organic chemical groups could be expected: 
alkane, alcohol, carbonyls, sulfones, carboxylic acids and esters. 
Results from HPLC-HRMS are presented from Figure A 9 to Figure A 13. As seen in these figures the 
presence of methacrylic acid and metal-PEG chains with different n members, from 3 to 30, has been 
confirmed in Glenium®27 sample in large quantities. Other non-identified PEG derivatives have been also 
found in the sample. 
TGA analysis of the freeze-dried superplasticizer (Figure A 14) shows two different mass loss regions: 




be associated with the dehydration (crystallization waters) of the samples. The second and most important 
mass loss, around 85% of the sample material, is mainly observed at 400oC and is related with the 
decomposition of organic compounds.  
H-NMR are results for both, Glenium®27 and the in-house synthesized superplasticizer, are presented 
in Figure A 15 and Figure A 16. As seen in those figures, both materials presented a similar spectrum. Two 
regions could be clearly seen: the first one going approximately from 4.0 to 3.0 ppm with two main signals 
at 3.6 and 3.3 corresponding to CH2 and the terminal CH3 from the polyethylene glycol (PEG) chain 
respectively, and a second one from 2.0 to 0.5 with to signals corresponding with the H from the CH3 and 
CH2 units from the terminal positions (see PCE structure in Figure 2-7). The signal found at approx. 2.7 ppm 
in Glenium®27 have not been properly identified and has not been found in the in-house synthesized 
superplasticizer spectrum.  
As mentioned in Section 2.2, concrete blocks were characterised by means of XRD, SEM-EDX and 
TGA (see Section 2.5 for details). Results are presented from Figure A 17 to Figure A 21. XRD results 
shown the presence of the standard crystalline cementitious hydrates as Larnite (Ca2SiO4) and calcium 
hydroxide (Ca(OH)2) as well as the presence of primary components as calcium carbonate (CaCO3) and 
quartz (SiO2). Similarly, SEM images shown the presence of cementitious hydrates as calcium hydroxide 
(Ca(OH)2), C-S-H gels and ettringite (Ca6Al2(SO4)3(OH)12·26H2O). TGA results shown mainly two peaks 
at approx. 400 and 800oC, corresponding to calcium hydroxide (Ca(OH)2) and calcium carbonate (CaCO3). 
Overall, results indicate that concrete blocks have a standard composition [89] and that the presence of 
Glenium®27 do not affect the formation of cementitious hydrates. 
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 Aqua Regia HF  Aqua Regia HF 
Aggregate 0/4 (mg/g material)   Filler(mg/g material)   
Na 1.3 34.0 Na 1.8 23.5 
K 1.0 7.3 K 1.5 3.9 
Ca 360.4 1.0 Ca 375.3  <LOD 
Mg 2.6  <LOD* Mg 2.0  <LOD 
Si 1.5 152.0 Si 0.3 95.9 
Al 0.2 1.6 Al 2.1·10-2 0.7 
Aggregate 2/6  (mg/g 
material) 
  Cement (mg/g 
material) 
  
Na 0.9 27.6 Na 1.7 15.9 
K 0.4 5.0 K 5.4 7.4 
Ca 368.7 0.8 Ca 542.6  1.5 
Mg 3.7  <LOD Mg 6.3  1.2 
Si 0.8 119.8 Si 4.5 83.8 
Al 0.1 1.0 Al 2.1 0.8 
Aggregate 6/14  (mg/g 
material) 
     
Na 0.9 21.2    
K 0.4 4.4    
Ca 386.8 7.4e-1    
Mg 3.2  <LOD    
Si 0.6 91.9    
Al 0.1 0.7    





Figure A 1. XRD pattern obtained for the raw filler. 









Figure A 3. XRD pattern obtained for the raw aggregate 2/6. 
 









Figure A 5. XRD pattern obtained for the raw CEM I. 
 
Figure A 6. UV-vis spectra of the raw superplasticizer (dilution 0.1/3 in MilliQ water). 
 
  




Figure A 7. IR spectra of the freeze-dried Glenium®27 superplasticizer. Spectra obtained in ATR (Attenuated Total 
Reflectance) mode. 
 
Figure A 8. IR spectra of the freeze-dried in-house synthesized superplasticizer. Spectra obtained in ATR (Attenuated 













































































































































































































































































































































































































































































































Figure A 14. TGA results obtained for the freeze-dried Glenium®27. Black line stands for the continuous decrease of 
mass as a function of time, while the red line stands for the integration of the mass lost. 
 






Figure A 16. Zoom-in of the H-NMR results obtained for both, Glenium®27 and the in-house synthesized, 
superplasticizers. 
 
Figure A 17. XRD pattern obtained for the concrete sample non-containing Glenium®27 in the formulation 
(WG sample). 








Figure A 19. SEM images obtained for the concrete sample containing and non-containing Glenium®27 in the 
formulation. The images shown the presence of different cementitious hydrated phases, i.e. calcium hydroxide, 
ettringite, C-S-H gels. 
 
Figure A 20. TGA results obtained for the concrete samples non-containing Glenium®27 in the formulation 
(WG samples). Black line stands for the continuous decrease of mass as a function of time, while the red line stands 
for the integration of the mass lost. 




Figure A 21. TGA results obtained for the concrete samples containing Glenium®27 in the formulation (G samples). 
Black line stands for the continuous decrease of mass as a function of time, while the red line stands for the integration 
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Figure A 22. Solubility curve (black solid lines) calculated for Ni(OH)2(s) in the presence of acetate (a – b) and phthalate 
(c – d) as a function of the organic concentration. Dashed lines stand for the speciation of Ni in equilibrium with the 








Figure A 23. Solubility curve (black solid lines) calculated for Eu(OH)3(s) in the presence of acetate (a – b), phthalate 
(c – d) and urea (e – f) as a function of the organic concentration. Dashed lines stand for the speciation of Eu in 
equilibrium with the solid phase. pH fixed as 9 (a – c – e) and 12 (b – d – f). Calcium concentration fixed in all diagrams 
as 10-3 mol·L-1. 







Figure A 24. Solubility curve (black solid lines) calculated for CaU2O7·3H2O(s) in the presence of acetate (a – b), 
phthalate (c – d), phenol (e – f) and urea (g – h) as a function of the organic content. Dashed lines stand for the 
speciation of U in equilibrium with the solid phase. pH fixed as 9 (a – c – e – g) and 12 (b – d – f – h). Calcium 
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Abstract 
Superplasticizers added into cement can degrade due to hydrolytic, thermal, radiolytic and 
microbial effects. Short-chain organic compounds such as acetate, phthalate, oxalate, phenol, urea, 
etc., have been confirmed as a possible superplasticizers degradation products. This work presents 
a state-of-the-art of the degradation process of superplasticizers and a thermodynamic study on the 
effect that model compounds considered as proxy for their degradation products have on the 
mobility of several radionuclides (Ni, Eu, U). Our results indicate that the complexation capacity 
of the proxy superplasticizers degradation products considered (i.e. acetate, phthalate, phenol and 
urea) towards Ni Eu and U is almost negligible in alkaline conditions, while relatively important 
in the near-neutral pH range. 
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In nuclear waste disposal facilities concrete is used as a construction material 
(construction and stabilisation of galleries and tunnels shotcrete), as a confinement matrix 
to immobilize some type of wastes but also as a safety barrier to reduce the mobility of 
radionuclides in the eventual scenario of radionuclide release (Bart et al., 2012).  
Superplasticizers (SPs) are a type of organic chemical admixtures used by manufacturers 
to improve dispersion, hydration and workability properties of concrete (Taylor, 1997). 
During the last century, SPs industry has been continuously evolving. In overall, four 
different SPs categories (Figure 1) can be defined: (a) naphthalene-sulfonate based SPs 
(Tucker, 1936), (b) melamine-sulfonate based SPs (Aignesberger and Bornmann, 1975), 
(c) lignosulfonate based SPs (Mark, 1938), and (d) polycarboxylate ether-based SPs. (a), 
(b), and (c) SPs type were widely used in the past century being also named as 1st and 2nd 
SPs generation. (d) SPs type were described in the 90’s, the so called 3rd SPs generation, 






Figure 1. a) Naphthalene sulfonate SPs type structure, b) Melamine sulfonate SPs type 
structure, c) lignosulfonate, and d) polycarboxylate ether-based SPs type structure.  
Glenium® 27 is a polycarboxylate ether-based (PCE) SPs, (d) SPs type, defined as a 
reference material for being used in concrete formulations to build up different structures 
in the Belgian deep disposal facility for radioactive wastes. In contrast with the older SPs 
generation this kind of SPs improves the dispersion of cement particles by electro-steric 
repulsions (Figure 2). The chemical structure of these type of SPs is formed by a long 
hydrophobic chain (i.e. polyethyleneglicol chain) and one or several hydrophilic groups 















Figure 2. a) Simplified sketch of a PCE SPs, b) representation of cement particle and 
PCE SPs interaction, and c) repulsion between cement particles surrounded by PCE SPs.  
Little information is available regarding the degradation of SPs in cementitious systems 
(Gascoyne, 2002), although the interest on this topic has recently increased (Wieland 
et al., 2014). It is well recognized that hyperalkaline conditions developed in cementitious 
environments can cause chemical transformations of organic substances, i.e. polymeric 
SPs, (degradation, aging, etc.) with the subsequent production of small organic 
compounds with new chemical properties (Glaus and Van Loon, 2004a, Glaus and 
Van Loon, 2004b, Yilmaz et al., 1993).  
It is also known the influence that organic substances may have on the behaviour and 
mobility of several radionuclides (Andersson et al., 2008, Colàs Anguita, 2014, Gaona 
et al., 2008, Wieland et al., 2014). The role of SPs degradation processes on radionuclide 
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mobility through the near and far field of a radioactive waste repository is therefore a 
matter of concern for performance assessment of radioactive waste repositories. This 
work aims at investigating to which extent the degradation of SPs may affect radionuclide 
behaviour in concrete environments. 
2. Superplasticizers degradation: Literature survey 
In this section, a literature research focused on SPs hydrolytic, thermal, radiological and 
microbial degradation is provided. Overall there is an important lack of SPs degradation 
studies. To complement the literature research, studies focused on main organic SPs 
groups’ (i.e., naphthalene, melamine, etc.) degradation have been also reviewed.  
To the best of our knowledge studies dealing with the degradation of PCE SPs are not 
available yet. Therefore, specific degradation products from PCE SPs degradation have 
not been found. 
2.1 Hydrolytic degradation 
Cementitious environments promote highly alkaline systems due to the dissolution-
precipitation processes occurring within a cementitious matrix in contact with water. 
Overall, four pH ranges may be defined depending on the cement degradation state: (i) 
fresh or degradation state I, characterized by a high alkaline pH range (>13) produced by 
the dissolution of Na and K alkalis, (ii) degradation state II, in where portlandite 
(Ca(OH)2) dissolution controls the evolution of the system, buffering the pH around 
values of 12.5, (iii) degradation state III, after total dissolution of portlandite, C-S-H gels 
dissolve buffering the system from pH 12.3 to 10.5 as a function of the Ca/Si ratio within 
the C-S-H gel, and, finally (iv) degradation state IV, where the formation of calcite within 
the cement matrix buffers the system pH at values <10 (Taylor, 1997). For the current 
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research, only studies in which pH values higher than 10.5 are reported have been 
considered in order to magnify SPs hydrolysis.  
Yilmaz and co-workers (Yilmaz et al., 1993) studied the degradation of Sulfonated 
Naphthalene Formaldehyde (SNF) and Sulfonated Melamine Formaldehyde (SMF) SPs. 
According to their results, SNF SPs were not altered in alkaline solutions (1 M KOH) 
while solid precipitation was observed in SMF solutions at similar pH values. Analysis 
of the precipitated product confirmed the alteration of the original SMF chemistry. 
However, the chemical characterization of the precipitated solid was not entirely clear 
and thus the authors did not report conclusive SPs degradation pathways.  
Naphthalene degradation based on photocatalysis was studied by Lair and co-workers 
(Lair et al., 2008). The authors investigated different parameters affecting naphthalene 
degradation, among others the system pH (from 2 to 12). From their results (Lair et al., 
2008) concluded that an increase of the system pH increased the degradation rate of 
naphthalene. A possible explanation for this phenomenon reported by the authors is that 
the increase of OH- ions in solution increase the presence of OH• radicals favouring 
naphthalene degradation. Intermediate degradation products were determined by GC-MS 
(Gas Chromatography – Mass Spectrometry) analyses; dozens of compounds were 
identified being 2-formylcinnamaldehyde and 1-naphtalenol the most abundant (see 
Appendix I). 
Melamine Formaldehyde-Acrylic coatings degradation were studied by (English et al., 
1983) with different analytical techniques (13C NMR, IR). Under standard weathering 
conditions, only accounting for hydrolysis at atmospheric conditions, the degradation 
reaction reported by the authors was r. 1. This reaction involved the substitution of the 
terminal methyl by water releasing formaldehyde. No modifications of the melamine 
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back-bone were found by the authors. Later (Gerlock et al., 1986) confirmed the same 
degradation pathway by using photo-enhanced hydrolysis. 
Melamine-CH2OCH3 + H2O  Melamine-CH2OH + CH3OH 
r. 1
2.2 Thermal degradation 
Temperature elevations (around 100ºC) in the surroundings of a high-level waste 
repository are expected by the exothermic wastes (Bel et al., 2006, Gibb, 1999). In order 
to minimize the effect of temperature on the repository performance, in the current 
facilities waste management organizations designed repositories to ensure a temperature 
below 100ºC in the internal package surfaces and below 90ºC in the host rock (Andra, 
2005). Thermal organic polymer degradation mostly occurs at temperatures above 100ºC 
(Hawkins, 1984) and thus for a better temperature degradation analysis in the following 
survey studies at higher temperatures (>100ºC) have been also included.  
Lair et al., 2008) studied the effect of temperature (from 10 to 40ºC) on photocatalytic 
naphthalene degradation. They could not draw clear conclusions on the temperature 
effect, as volatilization of naphthalene could affect the results. Nevertheless, in agreement 
with what was mentioned in section 2.1, the authors identified 2-formylcinnamaldehyde 
and 1-naphtalenol as the most abundant intermediates during naphthalene degradation 
(see Appendix I). 
Onwudili and Williams (Onwudili and Williams, 2007) investigated the reaction 
mechanisms of phenanthrene and naphthalene hydrothermal degradation from 350 to 
380ºC. The authors used sealed reactors reaching highly pressurized systems (170-225 
bar). Weak naphthalene decomposition was reported to occur after 1h at 380ºC, 90% of 
naphthalene remained in solution. In such temperature conditions, the presence of a large 
excess of oxidant in solution (hydrogen peroxide) favours naphthalene degradation. 
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Naphthalene decomposition products were determined by GC-MS. The reaction path 
mechanism shown in Figure 3 was proposed for the oxidative degradation of naphthalene. 
 
Figure 3. Naphthalene degradation reaction mechanism proposed by (Onwudili and 
Williams, 2007) under hydrothermal conditions.  
Brebu and Vasile (Brebu and Vasile, 2010), published a literature survey on lignin 
thermal degradation products. Those authors reported lignin degradation to start between 
200 and 275ºC, the main process occurring around 400ºC, yielding a variety of organic 
compounds (i.e. aromatic hydrocarbons, phenolics, hydroxyphenolics and 
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guaiacyl/syringil-type compounds). Pyrolysis up to 340ºC of three different lignin-based 
compounds (lignosulfonate among others) was done by (Brebu et al., 2011). Degradation 
products were characterized by thermogravimetric and chromatographic analysis. The 
authors reported the formation of ammonia and sulphur dioxide around 250ºC (see 
Appendix I) followed by derivatives of the structural compounds in lignin (i.e. phenols 
derivatives as pyrocatechol). 
Deamination followed by condensation was reported by (Costa and Camino, 1988) in 
their melamine thermal study. According to their thermogravimetric results, the authors 
suggests the formation of ammonia in a temperature range between 350-400ºC. Analysis 
of the residual product by IR showed the presence of unreacted solid, melamine, and the 
formation of a water-insoluble product coming from melamine condensation. The 
identification of this water-insoluble product was not clearly defined in the study although 
the authors claimed the formation of “melem”, an organic molecule formed by different 
cyameluric rings (Finkel’Shtein, 1959, Van der Plaats et al., 1981).  
2.3 Radiolytic or radiolytic induced degradation 
Ionizing radiation released by nuclear waste may lead to the alteration of the different 
elements present in storage conditions (i.e. water radiolysis and subsequent generation of 
OH•). 
Palmer and Fairhall (Palmer and Fairhall, 1992), examined the production of gas due to 
the irradiation of small OPC cylinders and blast furnace slag grouts containing sulfonated 
naphthalenes formaldehyde condensates (Na-SNFC) and sulfonated melamine 
formaldehyde condensate (SMFC) SPs. The radiation field was 104 Gy/hr and total dose 
applied over the samples was up to 9 MGy. The results showed that both CO2 (g) and H2 
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(g) were generated by irradiation (up to 6.7 mL gas/g superplasticizer). The authors 
commented that the radiation did not appear to affect the strength or stability of the grout. 
Naphthalene degradation was accounted for by Kanodia and co-workers (Kanodia et al., 
1988) by means of radiolitically produced OH• radicals. An oxidative process was then 
favoured yielding the conversion of naphthalene to naphthalenol. The same degradation 
product was found by Balakrishnan and Reddy (Balakrishnan and Reddy, 1968) in 
aqueous  irradiated solutions containing naphthalene at high temperatures (see Appendix 
I).  
2.4 Microbial degradation 
Microbiology within nuclear waste disposal has been a matter of important studies during 
the last five decades. Biogeochemical effects on the chemistry and the long-term 
evolution of repository materials as well as on the transport of radionuclides have been 
extensively studied (McKelvie et al., 2016, Pedersen, 1996, West and McKinley, 1983). 
Among others process mediated by microbes, biodegradation of bituminized waste forms 
(West, 1995) yielding small organic compounds, is a comparable case as the once studied 
here involving SPs biodegradation.   
Haveman and co-workers (Haveman et al., 1996) studied Disal (a naphthalene based SPs) 
degradation in the presence of Pseudonomas bacteria. The authors reported an increase 
of bacteria population in anaerobic conditions and in the presence of an electron acceptor 
as nitrate. Although results of this study were not conclusive, the degradation of 
naphthalene under denitrifying conditions or coupled to sulphate reductions have been 
reported by others (Bedessem et al., 1997, Mihelcic and Luthy, 1988, Mihelcic and Luthy, 
1991, Rockne et al., 2000, Song et al., 2005). In all those studies (Bedessem et al., 1997, 
Mihelcic and Luthy, 1988, Mihelcic and Luthy, 1991, Rockne et al., 2000, Song et al., 
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2005) naphthalene mineralization is observed but some authors (Bedessem et al., 1997) 
also reported naphthalenol as an intermediate product during naphthalene degradation 
(see Appendix I). 
Ruckstuhl and co-workers (Ruckstuhl et al., 2002) studied the leaching and 
biodegradation of SN and SNFC from concrete materials used in tunnel constructions. 
Those authors reported that in-situ biodegradation, mediated by the microorganism 
presents in the studied samples, was the most effective mechanism to remove SNFC 
components from groundwater. Total depletion of mono-sulfonated monomers was 
quickly observed while the di-sulfonated analogues were proven to be persistent. 
Unfortunately, no information about possible degradation products was detailed by the 
authors indicating a possible mineralization of the original SPs. 
Pseudomonas sp. HOB1 bacterium was used by Pathak and co-authors (Pathak et al., 
2009) in their naphthalene degradation studies. The authors reported total naphthalene 
mineralization indicating that temperatures about 35-37ºC and alkaline pH favoured 
naphthalene degradation. No intermediate products were detected by those authors.  
The metabolism of melamine degradation by Klebsiella terragena was studied in detail 
by (Shelton et al., 1997). The authors reported a deamination pathway (Figure 4) of the 
triazine ring through hydrolytic reactions mediated by the studied bacteria yielding the 
following degradation products: ammeline, ammelide, cyanuric acid, biuret and urea (see 
Appendix I). Early in the 80’s (Jutzi et al., 1982) proposed a similar degradative pathway 




Figure 4. Melamine degradation reaction mechanism proposed by (Shelton et al., 1997) 
under microbial mediated conditions.  
The degradation of lignin through the fungus Formes annosus was studied in the 80’s by 
Haars and Hüttermann (Haars and Huttermann, 1980). Although not much detail is 
provided in that work phenolic derivatives were detected by the authors in the presence 
of the so-called fungus. Early in the 70’s (Watkins, 1970) reported that lignosulfonates 
were more resistant that lignin to microbial decomposition due to a) the sulfonation of 
side chains of aromatic monomers, and b) the hydrolysis of the ether linkages and the 
formation of new carbon-carbon bonds between aromatic rings.  
The list of possible superplasticizer degradation products detailed in Appendix I could be 
divided in three categories: i) aromatic compounds, ii) aliphatic compounds, and iii) 
inorganic species. The first (i) and the second (ii) categories include degradation products 
coming from naphthalene and melamine based SPs, while in the third (iii) category 
species coming from lignosulfonate and/or melamine based SPs degradation are included. 
Overall, aromatic compounds are more reactive than aliphatic species. However, the 
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presence of carboxylic terminations in the aliphatic compounds included in Table S1 (see 
Appendix I) may increase the reactivity of those species, producing thus quite reactive 
aliphatic degradation products.  
Although no specific degradation studies on PCE SPs have been found in the literature, 
aliphatic organic compounds specified previously can be taken as a proxy for PCE SPs 
degradation products.  
3. Discussion 
In the previous section an extensive list of possible SPs degradation products has been 
compiled based on independent literature reported data (Table S1). Considering the 
information within this table four degradation products have been selected to study their 
possible effect on radionuclides aqueous chemistry, including both aromatic and aliphatic 
organic compounds, representative of possible PCE SPs degradation): 
 Phthalic and acetic acids, formed during naphthalene (proxy for SNF structure) 
hydrothermal degradation. It is well recognized that both acids have a powerful 
capacity to interact with a variety of radionuclides (Boggs et al., 2010, Novak 
et al., 1996, Park et al., 2006, Rees and Daniel, 1984, Vazquez et al., 2008, Wood 
et al., 2000). Given that those species are generated through a thermal process, the 
formation of those species is expected to occur during the temperature transient 
period (~100 years) under repository conditions. 
 Phenol, formed during the biodegradation of both lignin and naphthalene (proxy 
for SMF and SNF structures, respectively). In general little is known about phenol 
interaction with radionuclides although some authors reported strong affinity 
towards actinides (Bartušek and Sommer, 1965, Öztekin et al., 1996, Schmeide 
et al., 2003). The formation of this species in deep repository conditions through 
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SPs polymers degradation is expected to occur only through microbially-mediated 
mechanisms. In deep repository conditions microbes will be first fed by small 
organics, already present in the system from other sources, and later by big 
polymers like SPs. Thus, phenol formed due to lignin or naphthalene 
biodegradation is expected to appear in the repository in a long-time scale. 
 Urea, formed during melamine (proxy for a SMF structure) biodegradation. The 
Interaction between lanthanides and urea has recently been a matter of concern 
and some authors reported relatively weak affinities among them (Heller et al., 
2009, Osman et al., 2013). Like phenol, urea generated due to melamine 
biodegradation is expected to appear in the repository in the long-term. 
Ni, Eu(III) and U(VI) have been selected as radionuclides of interest for this exercise. 
Nickel is a constituent of repository construction materials (i.e. stainless steel) and its 
corresponding activation products are expected to be encountered in the deep disposal 
conditions studied in this work. Eu(III), as representative of the trivalent lanthanides, 
constitute the major fraction of the minor lanthanides/actinides present in the high-level 
liquid waste generated during the reprocessing of spent nuclear fuel and thus the 
understanding of its chemical interactions with organics is of utmost importance to ensure 
the repository safety. Finally, U(VI) constitutes the major component spent fuel, being a 
good representative of heavy the actinides.  
In order to study the possible effect of those organics on radionuclides chemistry, it is of 
the outmost importance to have a consistent and reliable set of thermodynamic data. Thus, 
before performing specific thermodynamic calculations a data selection has been done 
and is presented in the following section.  
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3.1 Thermodynamic data selection 
3.1.1 Phthalic and acetic acid 
The interaction of those organics with several radionuclides is well described in 
ThermoChimie database (Giffaut et al., 2014) being available at 
https://www.thermochimie-tdb.com/. ThermoChimie database was created by the French 
National Waste Management agency (ANDRA) to address geochemical modelling and 
performance assessment tasks; being the included thermodynamic data self-consistent 
and reliable.   
Thermodynamic data for Ni, Eu and U complexation with both organics, acetate (C2H3O2-
) and phthalate (C8H4O42-), included in ThermoChimie and considered in this work is 
listed in Table 1.  
3.1.1 Phenol 
There is a general lack of data for the complexation of phenol with rare earth elements 
(Marsac et al., 2011). The only data on the complexation of uranyl (VI) ion with phenol 
come from the potentiometric titrations of Bartušek and Sommer (Bartušek and Sommer, 
1965). The authors suggested the formation of 1:1 metal-ligand complex in acidic 
conditions (pH<3), which is easily hydrolysed to polynuclear species at pH 4-5. The Log 
K value calculated by the authors according to eq. 1 is -3.56 ±0.1 (I=0.1M NaClO4), and 
is the one selected in this work (Table 1). 
UO22+ + C6H5OH ↔ UO2(C6H5O)+ + H+ eq. 1
To the best of our knowledge, thermodynamic data for the complexation of phenol with 




As in the case of phenol, little is known about the complexation of urea with Ni, Eu and 
U. Osman and co-workers (Osman et al., 2015, Osman et al., 2013), studied the 
complexation of urea and uric acid with uranium in acid conditions (pH<4), and proposed 
the formation of a 1:1 week complex (UO2(H4N2CO)2+). The authors reported a stability 
constant of 2.12 ± 0.18 (I=0.1M NaClO4) according to eq. 2. 
UO22+ + H4N2CO ↔ UO2(H4N2CO)2+  eq. 2
Similarly, Heller and co-workers (Heller et al., 2009), studied the complexation of 
trivalent Eu and Cm with urea in aqueous solution. The authors reported stability 
constants for two Eu – urea weak complexes, Eu(H4N2CO)3+ and Eu(OH)(H4N2CO)2+, -
0.12 ± 0.05 and -6.86 ± 0.15 (I=0.1M NaClO4) respectively.  
Eu3+ + H4N2CO ↔ Eu(H4N2CO)3+  eq. 3
Eu3+ + H4N2CO + H2O ↔ Eu(OH)(H4N2CO)2+ + H+ 
To the best of our knowledge, thermodynamic data for the complexation of urea with Ni 
is not available in the open literature. Selected data for the studied urea – radionuclide 




Table 1. Relevant thermodynamic data used in this work. 
Reaction Log K
0 Reference 
Ni2+ + C2H3O2- <=> Ni(C2H3O2)+ 1.34 ± 0.11
ThermoChimie 
database 
Eu3+ + C2H3O2- <=> Eu(C2H3O2)2+ 2.90 ± 0.50
Eu3+ + 2C2H3O2- <=> Eu(C2H3O2)2+ 4.80 ± 0.20
Eu3+ + 3C2H3O2- <=> Eu(C2H3O2)3(aq) 5.60 ± 0.20
Ni2+ + C8H4O42- <=> Ni(C8H4O4)(aq) 3.00 ± 1.00
Eu3+ + C8H4O42- <=> Eu(C8H4O4)+ 4.96 ± 0.30
Eu3+ + 2C8H4O42- <=> Eu(C8H4O4)2- 7.34 ± 0.50
UO22+ + C6H5OH <=> UO2(C6H5O)+ + H+ -3.77* ± 0.10
(Bartušek and 
Sommer, 1965)
UO22+ + H4N2CO <=> UO2(H4N2CO)2+ 2.12* ± 0.18 (Osman et al., 2013)
Eu3+ + H4N2CO <=> Eu(H4N2CO)3+ -0.12* ± 0.05
(Heller et al., 2009)Eu3+ + H4N2CO + H2O <=> 
Eu(OH)(H4N2CO)2+ + H+ 
-7.28* ± 0.15
*Values corrected to I=0 using Davies ionic strength corrections. 
3.2 Thermodynamic calculations 
Calculations presented in this section have been done with the PhreeqC geochemical code 
(Parkhurst and Appelo, 2013). As mentioned in the previous section, thermodynamic data 
used in the calculations have been taken from ThermoChimie database and from other 
literature sources if not available in ThermoChimie. All calculations were performed at 
25ºC and ionic strength corrections have been applied by using the Davies approach 
(Grenthe and Puigdomenech, 1997). In agreement with the solid phase selection in 
Albrecht et al. (Albrecht et al., 2005) the effect of the organic complexes has been 
calculated on the solubility of the following solid phases: Ni(OH)2(s), Eu(OH)3(s) and 
CaU2O7·3H2O(s).  
Solubility diagrams obtained in the presence of acetate as a function of pH are shown in 
Figure 5, Figure 6 and Figure 7. The underlying chemical speciation of each element is 
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shown in the same figures. According to these results, organic ligand concentrations 
higher than 10-4 M are required to see some effects on Ni and Eu chemistry (Figure 5 and 
Figure 6). For both elements, acetate complexation only occurs from pH 8 to 9.5, 
increasing ¼ order of magnitude the solubility of both Ni(OH)2(s) and Eu(OH)3(s). In 
alkaline pH conditions, the hydrolysis of Ni and Eu is strong enough to avoid the binding 
with acetate up to organic concentrations of 10-2 M. Increasing the acetate concentration 
up to 10-2 M does not affect the aqueous chemistry of U in the whole studied pH range (8 
– 13) (Figure 7). Unrealistic Acetate concentrations as high as 10-0.3 M (see Appendix II), 
are needed to observe an important effect on U behaviour in near neutral pH conditions. 
The same is true for phthalate (see Figure 7 and Appendix II). As with acetate, phthalate 
affects Ni and Eu chemistry only at concentrations over 10-2 M (Figure 5 and Figure 6). 
Phthalate complexation with Ni and Eu is relatively stronger than acetate complexation, 
prevailing up to pH ~10. This is notorious in near neutral pH conditions, where the 
solubility of both Ni(OH)2(s) and Eu(OH)3(s) increase more than one order of magnitude 
when increasing phthalate aqueous concentration from 10-2 M to 10-4 M. Overall, the 
effect of acetate and phthalate on the chemistry of Ni, Eu and U will be negligible in the 
alkaline pH region but certainly important in near-neutral conditions (i.e. clay barriers or 
clay host-rock present in some repository designs) (see Appendix II). It is worth 
mentioning that in clay conditions the effect of carbonate, major system species, will 






Figure 5. Solubility curve (black solid line) calculated for Ni(OH)2(s) in the presence of 
acetate (a – b) and phthalate (c – d) as a function of pH. Dashed lines stand for the 
speciation of Ni in equilibrium with the solid phase. Organic concentration fixed as 10-2 
M (a – c) and 10-4 M (b – d). Calcium concentration fixed in all diagrams as 10-3 M in 








Figure 6. Solubility curve (black solid lines) calculated for Eu(OH)3(s) in the presence 
of acetate (a – b), phthalate (c – d) and urea (e) as a function of pH. Dashed lines stand 
for the speciation of Eu in equilibrium with the solid phase. Organic concentration fixed 
as 10-2 M (a – c) and 10-4 M (b – d). Calcium concentration fixed in all diagrams as 10-3 
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M. Note that for the urea scenario, Eu calculated solubility-speciation (e) is identical at 
10-2 / 10-4 M. 
In the studied pH conditions, from near neutral to alkaline pH, the effect of phenol over 
U is negligible (Figure 7). Contrary to the trends observed for acetate and phthalate, 
extremely high phenol concentrations (>10-0.3 M) do not produce any influence on its 
chemistry (see Appendix II). This is not surprising given that thermodynamic data for 
phenol complexation with uranium selected in this work was obtained in acidic 
conditions. Similarly, our results indicate that complexation of Eu and U with urea is 
negligible in alkaline pH conditions (Figure 6, Figure 7 and Appendix II). 
 
Figure 7. Solubility curve (black solid line) calculated for CaU2O7·3H2O(s) in the 
presence of acetate, phthalate and urea at 10-2 / 10-4 M as a function of pH. Dashed lines 
stand for the speciation of the different elements in equilibrium with the solid phase. 
Calcium concentration fixed in all diagrams as 10-3 M. 
Based on the presented results, among the studied SPs degradation products, the most 
powerful complexing agent is phthalate exerting an important control over Ni and Eu 
behaviour in slightly alkaline conditions. Overall, the complexation capacity shown by 
the different degradation products studied in this work could be ordered from the stronger 
to the weaker complexing agent as follows: phthalate > acetate > urea > phenol. As 
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mentioned before the strongest complexing ligands, phthalate and acetate, are expected 
to form in deep repository conditions during the temperature transient period (~100 
years); while the weakest ligands are expected to form at long-term. These findings 
clearly point out the importance of phthalate / acetate radionuclide complexation in 
repository conditions.  
Is worth mentioning that U seems to be unaffected by any of the studied ligands in the 
conditions studied in this work. However, as previously highlighted, there is a general 
lack of data for the complexation of some of the studied organic ligands with 
radionuclides, specially at alkaline pH conditions. Thus, additional experiments are 
required to confirm the validity of the statements reflected here.  
4. Conclusions 
Superplasticizers present in concrete formulations may be altered in deep disposal 
conditions through several mechanisms: hydrolysis, temperature, ionizing radiation and 
microbial activity. Overall, few studies are available in the literature dealing with the 
alteration of superplasticizers; and specifically, there is an important lack of results for 
the degradation of PCE SPs. 
Based on the literature review presented in this work, we can conclude that the alteration 
of superplasticizers may lead to the formation of small organic compounds that could be 
classified in three main categories: i) aromatic compounds, ii) aliphatic compounds, and 
iii) inorganic species. From those categories, four possible degradation products 
(representatives of different SPs types) have been selected (phthalic acid, adipic acid, 
phenol and urea) and their effect on radionuclide (Ni, Eu and U) behaviour has been 
calculated. Our results indicate that in alkaline pH conditions, the presence of these 
organic ligands up to concentrations of 10-2 M, will not affect the behaviour of any of the 
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studied radionuclides. However, in slightly alkaline systems (from pH 8 to 10), phthalic 
and acetic acids (up to concentrations of 10-2 M) could control the aqueous chemistry of 
both Ni and Eu. This chemical control produces an increase on Ni and Eu solubility, 
especially relevant in systems with phthalic acid presence. Interestingly, U is not affected 
by any of the studied ligands in the conditions used in the present study. Nevertheless, 
this statement may be taken with caution given the scarcity of thermodynamic data found 
in the literature for the complexation of U with some of the studied organics in alkaline 
conditions. 
For a better system comprehension, and to clearly ensure the safety of the radioactive 
waste disposal, additional superplasticizer degradation studies are required, especially for 
PCE SPs type. Moreover, specific radionuclide-organic complexation studies in alkaline 
pH conditions are desired to complement the available thermodynamic. 
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Figure S1. Solubility curve (black solid lines) calculated for Ni(OH)2(s) in the presence 
of acetate (a – b) and phthalate (c – d) as a function of the organic concentration. Dashed 
lines stand for the speciation of Ni in equilibrium with the solid phase. pH fixed as 9 (a – 







Figure S2. Solubility curve (black solid lines) calculated for Eu(OH)3(s) in the presence 
of acetate (a – b), phthalate (c – d) and urea (e – f) as a function of the organic 
concentration. Dashed lines stand for the speciation of Eu in equilibrium with the solid 
phase. pH fixed as 9 (a – c – e) and 12 (b – d – f). Calcium concentration fixed in all 







Figure S3. Solubility curve (black solid lines) calculated for CaU2O7·3H2O(s) in the 
presence of acetate (a – b), phthalate (c – d), phenol (e – f) and urea (g – h) as a function 
of the organic content. Dashed lines stand for the speciation of U in equilibrium with the 
S9 
 
solid phase. pH fixed as 9 (a – c – e – g) and 12 (b – d – f – h). Calcium concentration 
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Abstract
Nickel hydroxide solubility has been studied in this work in different cementitious systems. Our results indicate that once
Glenium 27, cement superplasticizer admixture, is added to water and then mixed with cement, this polymeric material is
stabilized and not released back to the aqueous solution, with negligible effects on the mobility of nickel. Contrary to that,
when Glenium 27 is added directly in solution at high dosages, an important effect is observed on nickel behaviour.
Thermodynamic calculations indicate that the effect of such component on Ni is likely the effect that other small organics
could have over this element.
Keywords Solubility  Nickel  Superplasticizer  Waste disposal
Introduction
SuperPlasticizers (SPs), are common admixtures used in
concrete formulations (no more than 5% of those materials
by mass of cement [1]) to lower the mix water requirement
of concrete [2]. Glenium 27 is one of the SPs currently
defined as a reference material for being used in concrete
formulations to build up different structures in the Belgian
deep disposal facility for radioactive wastes (Fig. 1). Gle-
nium 27 is a last generation polymer, also named 3rd SPs
generation, composed by a long carbon backbone and
carboxylic acids terminations. In contrast with the old
generation SPs (Naphthalene-sulfonate, melamine-sul-
fonate, lignosulfonate, etc.), this kind of SPs improves the
dispersion of cement particles by electro-steric repulsions
[3].
Nickel is a constituent of repository construction mate-
rials (i.e. stainless steel) and thus expected to be encoun-
tered in the deep disposal conditions studied in this work
[4].
Cementitious materials reduce the mobility of radionu-
clides contributing to the long-term safety when the con-
tainment is lost and radionuclides start to move from the
waste package. Once containment is lost, intruding
groundwater will be first in contact with the concrete bar-
rier and later with the radioactive waste matrix and waste
constituents (i.e. nickel activation products, mainly 63Ni).
Groundwater composition will therefore be conditioned by
contact with concrete prior to contacting the waste. It is
well recognized that cementitious environments produce
highly alkaline conditions [5]. Polymeric SPs can be
altered under these conditions (degradation, aging, etc.)
with the subsequent production of small organic com-
pounds (i.e. gluconate, isosaccharinate, oxalate…) with
different chemical properties [6]. Radionuclides form
stable complexes with some small organic compounds
([7, 8] and references therein) of similar characteristics of
those that may be originated from the alteration of SPs
(Fig. 2).
The effect of gluconate, isosaccharinate and oxalate on
the behaviour of several radionuclides have been exten-
sively studied during the last years [7–32]. The behaviour
of Ni in the presence of these organics has been the focus
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of detailed sorption and solubility studies under different
pH, temperature and ionic strength conditions
[12, 14–16, 23, 27, 33]. Important effects on Ni behaviour
have been observed due to the presence of these organics,
especially at high organic concentrations. In near neutral
and slightly alkaline conditions the formation of aqueous
species with stoichiometry Ni–L (aq) and Ni–L2 (aq)
(where L stands for the organic ligand) has been reported
[14–16, 23, 27]; while in alkaline solutions the formation
of ternary species including OH ions in the structure (i.e.,
Fig. 1 Multibarrier system for
deep disposal of radioactive
waste, Belgian disposal
‘‘supercontainer’’ concept [2]
Fig. 2 Tentative sketch of the
Glenium 27, and small
organics, behaviour towards
radionuclides in the studied
system
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Ni–OH–L) has been suggested [34]. Under these condi-
tions, the stoichiometry of the formed species (i.e.
mononuclear and/or polynuclear) remains uncertain and so
do their associated stability constants.
Previous works [35, 36] pointed out that the direct
addition of SPs (Rheobuild SP8LS manufactured by BASF
[35] and ADVA Cast 551 manufactured by Grace [36]) into
solution (i.e. cementitious porewater) increases radionu-
clide solubility due to organic functional groups—ra-
dionuclide interaction. Nevertheless, once SPs are mixed
with cement their effect on radionuclide solubility seems to
be limited, probably due to a non-specific sorption mech-
anism of the SPs over the cement surface [35, 37].
Therefore, understanding the nature and strength of the
interactions between radionuclides and SPs present in
concrete formulations (and their degradation/aging prod-
ucts) deserves focused studies.
In this work, we have studied the effect of a polycar-
boxylic ether-based (PCE) SPs on the solubility of
Ni(OH)2(s). To this aim, solubility experiments have been
set up by working from both, over and under-saturation
conditions. The main goal of this study is to quantify the
effect of a PCE-SPs on Ni, as well as to get some hints on
the nature and mechanism of the interaction. Three dif-
ferent solution compositions were considered: (1) concrete
synthetic porewater (CSPW) without organic compounds,
(2) leachates of concrete samples without SPs, and (3)
leachates of concrete samples containing SPs (Glenium
27 manufactured by BASF). Results are compared with
thermodynamic calculations and available literature data to
depict nickel behaviour in the studied conditions. The
effect of Glenium 27 on the behaviour of Ni has been
compared with that of other organics, i.e. isosaccharinate.
Experimental
Concrete solid samples
Concrete blocks were prepared following the European
standard UNE-EN 196-1 [38]. Raw materials used to do so
were (a) cement, CEM I-42.5 manufactured by Holcim
Dannes, (b) filler, a limestone material manufactured by
Premiacal, (c) aggregates, inert granular materials such as
sand, gravel, or crushed stone mainly formed by calcium
carbonate and quartz, (d) superplasticizer, Glenium 27
manufactured by BASF, and (e) water (Table 1). Briefly,
raw materials were mixed and left to a solidification period
of 24 h at atmospheric conditions (open atmosphere). Two
different series (Table 1) were produced one containing
Glenium 27 (G samples) and another one without Gle-
nium 27 (WG samples). For each of the series, 9 cast
of * 4 kg per sample were produced. After the
solidification period, and according to the European stan-
dard UNE-EN 196-1 [38], samples were unmoulded and
stored for curing in a climatic chamber for 28 days at
25 C and 100% of humidity. This time period is necessary
to transform raw materials into cement hydrates providing
samples with a necessary compressive strength. Once the
curing process was over, samples were hand-crushed and
sieved at two different size fractions, between 1–4 mm and
\ 1 mm. Contamination of the samples with metal parti-
cles from the crushing materials was prevented in order to
avoid unwanted experimental artefacts in the experiments.
Concrete porewaters
CSPW was prepared according to [39]. Briefly, the nec-
essary quantities of KOH (Scharlau, Extra pure), NaOH
(Scharlau, Extra pure), Na2SiO39H2O (Sigma, 98% pure),
Calcite (Scharlau, Extra pure) and Portlandite (Scharlau,
Extra pure) were mixed and left in orbital agitation for
3 weeks. After that time, the solution was filtered through
0.22 lm Nylon filters suitable for use in alkaline condi-
tions. Finally, Na2SO4 (Scharlau, reagent grade) and
Al2(SO4)310H2O (Scharlau, Extra pure) were added to the
solution. All handling during CSPW preparation was done
in glove box conditions (Jacomex, GP[Concept]-II-S) to
avoid CO2(g) presence.
Concrete leachates with and without Glenium 27
(henceforth named respectively as G and WG) were
obtained after contacting the hand-crushed concrete
(1–4 mm and \ 1 mm fractions) with MilliQ water for
30 days at a fixed solid/liquid ratio of 10 g L-1 according
to the granular material leaching standard UNE-EN
12457-2 [40].
CSPW and concrete leachates compositions detailed in
Table 2 were in the range of values reported in the litera-
ture for similar systems [41]. Ni concentrations in all
prepared initial waters were below the limit of detection.
Table 1 Amounts and materials used in concrete blocks preparation
Kg of used raw material
Samples WG Samples G
Cement 5.3 5.3
Filler 1.5 1.5
Aggregate 0/4 10.6 12.7
Aggregate 2/6 8.0 5.1
Aggregate 6/14 8.5 8.5
Glenium 27 – 0.1
Water 2.8 2.1
Water/Cement ratio (W/C) 0.5 0.4
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As shown in Table 2 no differences in leachate composi-
tions were observed as a function of the samples grinding
size and thus the effect of this parameter in the studied
conditions will not be further discussed.
Solubility experiments
Solubility experiments were set up in both, under- and
oversaturation conditions under N2(g) atmosphere (Ja-
comex, GP[Concept]-II-S), as follows:
• Under-saturation experiments. Commercial Ni(OH)2
(s) (ACROS, analysis grade) was used in the under-
saturation experiments. Those experiments were set up by
contacting 2 g of Ni(OH)2(s) with 50 mL of media (either
CSPW or the leachates), S/L ratio of 40 g L-1. This high
S/L ratio was chosen to ensure the presence of unperturbed
solid during the whole experiment duration. Solution pH
was unaltered after the addition of the solid. The
experiments were daily manually shaken over a period
of 12 months.
• Oversaturation experiments. Oversaturation experi-
ments consisted in mixing 4 mL of a 10-5 M Ni(NO3)2
solution (0.1 M HNO3) with 40 mL of media (CSPW
or the leachates). After few seconds, the formation of a
characteristic green solid suspension was observed
indicating the formation of an amorphous nickel
hydroxide that was later identified by Scanning Elec-
tron Microscopy—Energy Dispersive X-ray spec-
troscopy (SEM–EDX) and X-Ray Diffraction (XRD).
In the case of the leachates, the pH of the solution in the
oversaturation experiments was slightly acidified from
* 12.3–12.4 to final pH values around 12.0. The
reason behind this deviation was the addition of the
acid Ni stock solution. On the contrary, pH was
unaltered in oversaturation CSPW experiments after the
acid Ni stock solution addition as the initial pH value in
those samples (* 13.27) was higher than in the
leachates (12.3–12.4). The experiments were daily
manually shaken over a period of 12 months as in the
case of the under-saturation samples.
At given time intervals, weekly sampling at the begin-
ning and monthly sampling when equilibrium was attained,
aliquots of the samples were collected, filtered, acidified
and analysed for Ni concentration. The filtering process
was done with Nylon syringe filters suitable for use in
alkaline conditions. In order to check the possible forma-
tion of Ni colloid particles in these experiments two dif-
ferent filter meshes, 0.45 and 0.22 lm, were used.
Instrumentation
All prepared waters, CSPW and real leachates generated in
this work as detailed in Table 2, were characterised in
terms of cations (ICP-OES Thermo Scientific, iCap 6000
series and ICP-MS Agilent Technologies, 7500 CX) and
anions (IC, Dionex, model ICS 2000). Total Inorganic
Carbon (TIC) and Total Organic Carbon (TOC) were
determined with a Multi N/C 3100 equipment manufac-
tured by Analytik Jena. The solution pH was measured
with a Crison model GLP 22 pH-meter employing a 52-22
Table 2 CSPW and real
concrete leachates compositions
obtained in this work
CSPW WG\ 1 mm WG 1–4 mm G\ 1 mm G 1–4 mm
pH 13.3 12.4 12.4 12.5 12.4
mol L-1
TIC \LOD 1.7 9 10-5 3.2 9 10-5 1.7 9 10-5 2.3 9 10-5
TOC – 5.2 9 10-5 4.7 9 10-5 1.2 9 10-4 1.2 9 10-4
Na 1.2 9 10-1 1.2 9 10-4 1.0 9 10-4 1.2 9 10-4 9.4 9 10-5
K 8.2 9 10-2 4.6 9 10-4 4.2 9 10-4 4.3 9 10-4 3.7 9 10-4
Ca 1.4 9 10-3 7.5 9 10-3 6.6 9 10-3 6.1 9 10-3 7.7 9 10-3
SO4 1.8 9 10
-3 5.9 9 10-6 7.7 9 10-6 8.2 9 10-6 8.3 9 10-6
Fe \LOD \LOD \LOD \LOD \LOD
Al 7.7 9 10-6 \LOD 4.8 9 10-6 \LOD 4.8 9 10-6
Cl – 2.1 9 10-4 2.3 9 10-4 1.7 9 10-4 1.5 9 10-4
Si 6.2 9 10-6 \LOD \LOD \LOD \LOD
Ni \LOD \LOD \LOD \LOD \LOD
Note that CSPW, WG and G stands for Concrete Synthetic PoreWater, concrete leachates without Gle-
nium 27 and concrete leachates with Glenium 27 respectively. For each of the leachates two different
compositions are reported as a function of the grinding size (\ 1 and 1–4 mm)
\LOD Below limit of detection
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electrode, the system has an associate error of B 0.1. The
equipment was calibrated with buffer solutions at pH 11
(Scharlab, Boric acid/Sodium hydroxide/Potassium chlo-
ride), 12 (Scharlab, di-Sodium hydrogen phosphate/
Sodium hydroxide) and 13 (Scharlab, Potassium chloride/
Sodium hydroxide).
Solid samples characterization within this work was
carried out by SEM–EDX (FE-SEM—ZEISS Ultraplus,
X-Max EDX detector, from OXFORD Instruments) and
XRD (PANalytical X’Pert PRO MPD h/h powder diffrac-
tometer). For XRD, an X-Ray generator formed by a
Copper anode and a Wolfram cathode which worked at
40–45 kV and 40 mA. PIXcel and X’Celerator detectors
were used for the different samples using monochromator
in continuous scanning within a 2-h range from 4 to 100.
Thermodynamic calculations
The geochemical code PhreeqC [42] combined with the
thermodynamic database ThermoChimie v.9 (https://www.
thermochimie-tdb.com/) [43, 44] have been used in the
calculations performed in this work. The Davies approach
(Eq. 1) has been used for ionic strength corrections










where A is a constant with a value of 0.5 M-, zi stands for
the ion valence and Im stands for the system ionic strength.
Thermodynamic calculations made in this work con-
sisted mainly in solubility and speciation calculations as a
function of different parameters like pH, organic concen-
tration and time. The main purpose of these calculations
was to get some hints on the behaviour of Ni in the dif-
ferent chemical scenarios studied in this work.
Results and discussion
XRD results
XRD results are presented in Fig. 3 and Table 3, note that
two additional peaks appear in the in situ precipitated
sample related with the formation of calcium carbonate.
Overall, XRD results confirmed that both solids, from over
and under-saturation experiments, correspond fairly well in
between.
Solubility experiments
As seen in Table 2, concrete leachates and CSPW studied
in this work presented a significantly different composition.
CSPW was prepared for being representative of a fresh
cement state, cement degradation state I [45], and thus its
alkali content and pH are higher than in the case of lea-
chates, where the alkali content has already been leached.
Concrete leachates studied here are representative of a later
cement degradation step governed by portlandite
(Ca(OH)2) dissolution and thus presenting a lower pH
(* 12.5) and higher Ca concentrations in solution [5, 45].
Ni solubility results obtained in this work are shown in
Figs. 4 and 5. In CSPW media, equilibrium (i.e. measure-
ments of different samples and replicates do not vary more
than 10%) was always reached before 20 days of contact
time (Fig. 4). In the case of the solubility experiments with
the leachates, whose composition is more complex than
that of CSPW media (Table 2), equilibrium was not com-
pletely reached (measurements of different samples and
replicates vary approx. half and order of magnitude) even
after 120 days (Fig. 5). In either the case, obtained results
are in fair agreement with previous published studies
[46, 47] (Fig. 6). In addition, there are not clear differences
between over and under-saturation results, Figs. 4 and 5,
indicating fast partial equilibrium in the system.
After 300 days of contact time, no relevant differences
between solubility measurements in leachates of concrete
samples with (G) and without SPs (WG) in their formu-
lations were observed, in agreement with the very similar
TOC levels measured in both cases at the beginning
(Table 2) and at the end of the experiments (10-4/5 mol
L-1). From this observation, it can be concluded that the
release of small organic compounds from concrete, due to
the SPs degradation or aging to the solution, is negligible
after 300 days. This result is in good agreement with the
predictions by [37] and results obtained by [35, 48] in
similar systems using different radionuclides (Th, Am,
etc.).
In CSPW media nickel aqueous concentrations are
slightly higher than in leachates. This is presumably
because of the chemical hydrolysis of nickel as illustrated
in Fig. 6, where one can see a representation of the theo-
retical solubility of Ni(OH)2(s) as a function of pH and its
underlying aqueous speciation. As seen from this figure the
formation of the species Ni(OH)3
- at higher pH tends to
increase Ni solubility. For illustrative purposes literature
data obtained in similar conditions as well as data obtained
in this work (up to 300 days) is plotted in Fig. 6. As seen in
this figure, data obtained in this work is in very good
agreement with independent literature data, are slightly
lower than the theoretical solubility predicted for
Ni(OH)2(s) with ThermoChimie v.9, although fall within
its uncertainty range. Note that the uncertainty associated
with the formation of Ni(OH)3
- species is very large and,
consequently the grey shaped zone accounting for the
Ni(OH)2(s) solubility uncertainties in Fig. 6 increases as a
function of the participation of this species in Ni hydrolysis
scheme. Very recent results in the literature [49] seem to
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indicate that this species might not be relevant under the
studied conditions and that its stability could had been
overestimated in previous works.
Solubility experiments with SPs spikes
Additional under-saturation solubility experiments with
variable SPs spikes in aqueous solution were performed to
decipher whether the studied SPs was able to affect the
behaviour of nickel in a cementitious environment. Those
experiments were done by using CSPW media, and thus
following the same procedure previously detailed, but
adding variable SPs dosage ranging from 0.05 to 1.0 mL
from the original SPs raw solution. The selected SPs spikes
Fig. 3 XRD pattern obtained from solids recovered after finishing the solubility experiments in both under- (commercial Ni(OH)2(s)) and
oversaturation (in situ precipitated nickel hydroxide) conditions
Table 3 XRD parameters of the
solids recovered after finishing
the solubility experiments in
both under- (commercial
Ni(OH)2(s)) and oversaturation
(in situ precipitated nickel
hydroxide) conditions








Diffraction angles are listed for
Cu Ka (k = 1.542 Å) X-ray
sources
Fig. 4 Ni (mol L-1) as a function of time (days) in over and under
saturation experiments. Those results have been obtained in CSPW
media, pH 13.2. The grey shaped area stands for Ni(OH)2 theoretical
solubility range (including uncertainties) calculated with Ther-
moChimie at pH 13.2. Dashed line stands for the equipment Limit
of Quantification (LOQ). Uncertainties stand for the standard
















Over - no SPs
Under - no SPs
Over-SPs
Under-SPs
Fig. 5 Ni (mol L-1) as a function of time (days) in over and under
saturation experiments. Those results have been obtained in concrete
leachates media, WG and G, pH from 12 to 13. The grey shaped area
stands for Ni(OH)2 theoretical solubility range (including uncertain-
ties) calculated with ThermoChimie between pH 12–13 without
organic presence in the system. Dashed line stands for the LOQ.
Uncertainties stand for the standard deviation of at least two replicas
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gave TOC values in solution ranging from * 1.6 9 10-3
to 3.2 9 10-2 mol L-1. Those TOC values are far from
being representative of the standard concrete samples (e.g.
G samples listed in Table 1) prepared in this work
(5.5 9 10-5 mol L-1) but of interest to understand the
interaction between nickel and the SPs. Figure 7 presents
nickel hydroxide solubility results obtained at variable SPs
spikes as a function of the measured TOC. From this fig-
ure one can deduce that the presence of SPs in solution
clearly enhances nickel solubility in CSPW conditions.
TOC values over 3 9 10-3 mol L-1 are required to
observe an important increase of nickel solubility. Inter-
estingly, at long term, increasing the TOC content from 1.6
to 3.2 9 10-2 mol L-1 does not seem to affect nickel
behaviour, suggesting steady state conditions. An approx-
imate increase of three orders of magnitude on Ni solubility
is observed at the highest SPs spikes. In agreement with our
findings here, a solubility increase effect has been also
reported by others [36, 50] when studying U, Pu and Am
behaviour in cementitious conditions with direct SPs
addition in solution. More recently [51], an increase of the
solubility of Ni by three orders of magnitude has been
found in cement equilibrated porewaters with different SP
spikes. Those authors also reported an increase of two
orders of magnitude for 241Am and for 239Pu solubilities
while in the case of U similar concentrations were achieved
with and without SP spikes. It must be notice that the
cement equilibrated water used in [51] was obtained after
squeezing the concrete samples and thus the authors
believe that the agent responsible of controlling U beha-
viour was already present in the equilibrated water before
adding the SP spike.
Nickel theoretical solubility as a function total
organic concentration
Small organics (i.e. isosaccharinic acid, gluconate, oxalate,
etc.) have a great effect on Ni behaviour and may be used
as surrogates to understand the effect of more complex
materials like SPs. Kitamura and co-workers [35] studied
gluconate as a simple surrogate to represent SPs com-
plexing capacity when studying Th and Am solubilities in
similar conditions as the ones presented in this work. The
results presented by those authors overestimate Am and Th
solubilities almost two or three orders of magnitude
assuming gluconate as a SPs surrogate and using the JAEA
thermodynamic database in their calculations. In their,
study the authors used squeezed cement porewaters and
thus as they discussed SPs could be strongly adsorbed in
the cement phases preventing its release and its possible
Fig. 6 Theoretical solubility of Ni(OH)2(s), black solid line, as a
function of pH. Circles stand for data obtained in this work up to
300 days in the different studied conditions. Cross and plus symbols
stand for independent literature data [46, 47] obtained in similar
conditions as the ones we worked with. Dashed lines stand for the
fraction of the different Ni aqueous species in equilibrium with
Ni(OH)2(s) in the studied conditions. The grey shaped area stands for
Ni(OH)2(s) theoretical solubility uncertainties as a function of the
hydrolysis species. Calculations done with PhreeqC and Ther-
moChimie v. 9.0 database
Fig. 7 Ni (mol L-1) as a function TOC (mol L-1) at different times
(10–170 days) in under saturation experiments. Those results have
been obtained in CSPW media, pH 13.2. Dashed line stands for the
LOQ. Uncertainties stand for the standard deviation of at least two
replicas
Table 4 Calculated concentrations of ISA, GLU and Oxalate,
assuming TOC is completely originated by the presence of each one









1.6 9 10-3 2.6 9 10-4 2.6 9 10-4 7.9 9 10-4
3.2 9 10-3 5.3 9 10-4 5.3 9 10-4 1.6 9 10-3
9.5 9 10-3 1.6 9 10-3 1.6 9 10-3 4.7 9 10-3
1.6 9 10-2 2.6 9 10-3 2.6 9 10-3 7.9 9 10-3
2.2 9 10-2 3.7 9 10-3 3.7 9 10-3 1.1 9 10-2
3.2 9 10-2 5.3 9 10-3 5.3 9 10-3 1.6 9 10-2
Note that these are individual absolute values, i.e. not assuming the
presence of an organic cocktail but individual species
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final effect on radionuclide behaviour. Considering Kita-
mura et al. [35] work as a reference, and using the TOC
data obtained in our work, we have done a similar exercise.
If we assume that all measured TOC content in our samples
is due to the presence of the organic ligand of interest
(isosaccharinic acid, gluconate or oxalate) in solution, we
can estimate what would be the concentration of each
organic compound in our system through simple stoi-
chiometry relationship (Table 4).
Thermodynamic data for the complexation of Ni with
ISA and oxalate ligands is included in ThermoChimie v9.
In the oxalate case, ternary species Ni–OH–Ox are
expected to form at alkaline conditions [34]. Experimental
data for the formation of these species are not yet available
and thus not included in ThermoChimie v.9. It is possible
to estimate an upper limit for the stability of these species
taking into account that the hydrolysis of metal–ligand
complexes is always somewhat weaker than the hydrolysis
of the hydrated cation itself [34]. In this way, the following
upper limits for log K values of formation of Ni–OH–Ox
ternary species are obtained (r.1 and r.2).
Ni2þ þ Ox2 þ H2O ! Ni OHð Þ Oxð Þþ Hþ
logK\ 4:4 ðr:1Þ
Ni2þ þ Ox2 þ 2H2O ! Ni OHð Þ2 Oxð Þ
2þ 2Hþ
logK\ 12:6 ðr:2Þ
Ni gluconate complexation is not included in Ther-
moChimie v.9. Evans and co-workers [14, 15, 22, 23]
studied this system in near-neutral and alkaline media (pH
from 7 to 13) which is of interest for this work. The authors
reported the formation of three different species as a
function of the system pH. In the alkaline pH range of
interest for the current study, the formation of a polynu-
clear species (Ni2(OH)4(HGLU)
-) with a log K of -24.6 at
I = 0.3 M for r.3 is expected according to Evans and co-
workers studies.
2Ni2þ þ HGLU þ 4H2O ! Ni2 OHð Þ4 HGLUð Þ
þ 4Hþ
ðr:3Þ
Considering the organic concentration values listed in
Table 4, the thermodynamic data for the Ni-organic species
cited above together with the Ni solubility data obtained in
this work, a prediction of Ni concentration evolution as a
function of the estimated organic content in samples have
been done (Fig. 8a–c). The theoretical solubility of
Ni(OH)2(s) calculated with ThermoChimie v.9 as a func-
tion of the total organic concentration (ISA, GLU or oxa-
late) as well as the aqueous speciation of nickel in
equilibrium with the studied solid is also shown in these
figures for comparative purposes. As seen from these fig-
ures, the increase of organic concentrations increases the
solubility of Ni(OH)2(s) through the formation of different





The formation of these species occurs even at low organic
Fig. 8 Theoretical solubility of Ni(OH)2(s), black solid line, as a
function of organic ligand content (mol L-1) in CSPW conditions
(pH 13.2). Black dashed lines stand for the fraction of Ni aqueous
species in equilibrium with Ni(OH)2(s) in the studied conditions.
Symbols stand for nickel solubility values measured in this work. The
grey shaped area stands for Ni(OH)2(s) theoretical solubility uncer-
tainties as a function of the hydrolysis species. ThermoChimie v. 9.0
together with Ni–OH–Ox ternary species and Ni-GLU data from [15]
have been used in these calculations
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concentrations (1 9 10-4 mol L-1) and controls the
aqueous chemistry of nickel at organic levels above
* 1 9 10-3 mol L-1.
Experimental Ni solubility data obtained in this work,
symbols in Fig. 8, follow the same trend as the theoretical
Ni(OH)2(s) solubility in the presence of small organic
ligands; this is Ni concentration increases as the level of
organic increases in solution. Nevertheless, at the highest
organic concentration there are some discrepancies
between predicted and measured Ni concentrations for ISA
and GLU systems. Assuming the formation of the ternary
species Ni–OH–Ox results in a good fit of the experimental
results at higher oxalate concentrations. Is worth men-
tioning that if we account for the uncertainties of the solid
and aqueous Ni species in the system (grey shaped area in
Fig. 8a–c), the experimental results may be explained by
assuming the presence of either of the organics (ISA, GLU
and oxalate) that have been studied here.
As previously explained, PCE SPs are mainly composed
by a long carbon backbone and carboxylic acids terminations
(Fig. 2), besides different additives (pesticides, herbicides,
etc.) added into the SPs cocktail solution to preserve its
properties/functionalities. A direct relationship between SPs
and ISA/GLU/Oxalate global structures is not straightfor-
ward (Figs. 2, 9). A close comparison of ‘‘raw’’ SPs and
small organic (ISA, GLU, Oxalate) structures points out that
all those compounds have carboxylic or carboxylate termi-
nations in their structure. ISA and GLU presented a similar
structurewith just one carboxylatememberwhile oxalate is a
relatively smaller molecule with two carboxylate termina-
tions. From a chemical reactivity point of view this means
that oxalate is a more labile molecule than ISA and GLU.
This observation agrees well with the blind predictions
presented in Fig. 8, where it was shown that oxalate pre-
sented the higher complexing capacity towards Ni.
Conclusions
The solubility of nickel in cementitious environments and
the effect of Glenium 27, a PCE superplasticizer, on its
solubility has been studied in this work. The results
presented in this work support the selection of Glenium
27 as a reference SPs for being used in concrete formula-
tions of future radioactive deep disposal facilities.
Nickel solubility values obtained in solutions in the
absence of superplasticizers are in fair agreement with
previous published studies. Results obtained with the direct
addition of Glenium 27 into the samples indicate that if
this polymer is released to the solution, it could cause an
important enhancement of Ni solubility in cementitious
systems. In the case of leachates, our results indicate that,
once SPs is included in the concrete formulation, this
polymeric material is stabilized (e.g. adsorbed into the
cement phases) and negligible mobilization effects on the
behaviour of a trace radionuclide like Ni could be
observed. The amount of Glenium 27 used in the cement
formulations is relatively low (TOC * 5 9 10-5
mol L-1), and in the unlikely event of a total Glenium 27
release from the cementitious system, TOC values over
3 9 10-3 mol L-1 are required to observe an important
increase of nickel solubility; which is far from the real
samples measures.
Thermodynamic calculations carried out in this work
suggest that, for this specific system, oxalate may be used
as a SPs surrogate to reproduce the experimental trends
obtained for Ni(OH)2(s) solubility at variable superplasti-
cizer dosages. In future works the focus should be on
characterising SPs structure as well as possible aging/
degradation products in cementitious systems for a better
process representation.
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4. Rosskopfová O, Galamboš M, Rajec P (2011) Determination of
63Ni in the low level solid radioactive waste. J Radioanal Nucl
Chem 289:251–256
5. Taylor HFW (1997) Cement chemistry, 2nd edn. Thomas Tel-
ford, London
6. Glaus MA, Van Loon LR (2004) A generic procedure for the
assessment of the effect of concrete admixtures on the retention
behaviour of cement for radionuclides: concept and case studies.
PSI Nr. 04-02
7. Andersson M, Ervanne H, Glaus MA, et al (2008) Development
of methodology for evaluation of long-term safety aspects of
organic cement paste components. POSIVA Work Rep 2008-28
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